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SENSITIZATION OF THE PHOTOEFFECT IN SEMICONDUCTORS 
BY ORGANIC DYES WHICH ARE ACIDITY INDICATORS 


I. A, Akimov and Academician A. N. Terenin 


Translated from Doklady Akademii Nauk SSSR, Vol. 135, No, 1, pp. 109-112, 
November, 1960 
Original article submitted July 8, 1960 


An earlier cycle of studies in our laboratory established and made a detailed study of the phenomenon of 
optical sensitization of the internal photoeffect for a number of semiconductors — oxides and halides — by 
organic dyes of different types [1]. In the present work the sensitizers used were organic dyes whose molecules, 
by combining with or releasing a proton, show a sharp color change and displacement of the position of the 
absorption band in the spectrum, 


The condenser method [2] was used to measure the photoeffect in layers of T1l and ZnO which had been 
colored with dyes which are also acidity indicators: the measurements were made first in the usual way in 
air or in vacuo, and then after the adsorption of HCl or NHg vapor on the materials, The vapor from concen- 
trated hydrochloric acid and the ammonia vapor were dried thoroughly beforehand, For this purpose, concentrated 
sulfuric acid was added to the hydrochloric acid. The water vapor in the gases was then frozen out by passage 
through a trap cooled to — 90° C. The pressure of ammonia vapor at — 92° is 10 mm Hg, and pure HCl vapor 


gives the same pressure at — 136° [3], There was no significant difference in the results of experiments carried 
out in air and in vacuo. 


According to Putseiko's data [4], the photo-emf of ZnO in the presence of ammonia vapor at 4 mm 
pressure is decreased by a factor of approximately two, without change in the spectral distribution, We have 
established that the condenser photo-emf of an undyed layer of TIl is increased by a factor of 2-3 when HCl 
vapor is adsorbed, without any significant change in the spectrum. 


The results of experiments on the influence of gaseous HCl and NHg on the photoeffect of Til and ZnO 
colored by various indicator-dyes are shown in Table 1 and Fig, 1.* The over-all indicator-sensitized photo- 
effect in TI showed little change in magnitude after the adsorption of HCl and even decreased in some cases, 
The spectral distribution of the sensitized photoeffect, however, changed sharply, corresponding to the change 
in the absorption spectrum of the dye, After adsorption of gaseous NHg, on the other hand, the sensitized photo- 
effect decreased sharply or disappeared completely in the case of T1l. Unlike the photoeffect for TI, the sen- 


sitized photoeffect in ZnO disappears after treatment with HCl vapor. Desorption of the HCl leads to restoration 
of the former induced sensitivity in ZnO, 


Thus, the indicator-dyes, when present in the neutral form, act as optical sensitizers of the photoeffect, 
both for the hole semiconductor T1I and for the electronic semiconductor ZnO, After the attachment of HCl, 
however, i.e., in the protonated form, the same dyes sensitize the photoeffect in T1I but lose the ability to 
sensitize ZnO, In the anionic form, produced by the loss of a proton under the influence of NH,, the correspond- 
ing dye indicators sensitize the photoeffect in ZnO but lose the ability to sensitize TIl, 


* The changes in the spectral curve in the region of the noninduced sensitivity of the semiconductor are shown 
in a separate graph because of the difference in the scale of the ordinates, 


ae: 
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TABLE 1 
Sensitization of the Photoeffect in TIl and ZnO by Dyes Which are Also Acidity Indicators 
Color of Sensitiza- 


aqueous |Corre- |dyed tion of 
pH 


(Amax) 
ZnO 


yellov io 6,9 | yellow + 


red 8,0 


Safranine T 
Y \nZ 


Thy molphthalein 
CH, GH, 
HO, 


blue 
| +- HCl, 


colorless 


Bromothy mol blue brown 


NHs, 
blue 


+ HCl, 
yellow 


colorless 
OH blue 


Nile blue blue 


(C,H,).N 
Ci- 680 + HCI, 
\) red green 
Congo red 520 NH 
3» 


iolet 
blue vio 
7 =N— N=N 
YY 750, 540 + HCl, 
blue 
SO,Na 


* The absorption maxima of the dyes on the adsorbates T1l and ZnO are displaced slightly 
toward the long-wave region compared with the maxima in solutions, 


The fact that T1l is not sensitized when dyed with Congo red is due to the removal of a proton from the 
dye when it is adsorbed on this semiconductor. 


Dyes 
: Aurin | 
Wy 
\ 
red 
+ HCl, 
é yellow 
red 
7,0 | ted + 8 
540 NHs, 
H,-}+ 
brown 
£2, 
9,4 
10,6 + NHs, 
+ | + (520) 
C,H, C,H 
blue 
He | OCH, | +(540),  — 
O blue 
+ 
+ 
+ 
998 


600 


700 ft 


Fig, 1. The spectral distribution of the photo-emf in TII and ZnO dyed with Safranine T (A) 


and Bromothymol blue (B): 1) in air; 2) after adsorption of HCl vapor; 3) after adsorption 
of NHg vapor, 


Photo-emf 


700 $00 


Fig. 2, The spectral distribution of the photo-einf in Tll and ZnO 
dyed with Congo red: 1) in air; 2) after adsorption of HCl vapor; 
3) after adsorption of NHg vapor; 4) after very slight acidification 


with HCl vapor; 5) after further acidification of the dye with HCl 
vapor, 
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In practice, when HCI vapor at low pressure is applied to a layer of T1l dyed with Congo red, a sensitized 
photoeffect is produced immediately (Fig. 2); the long-wave maximum of this effect belongs to the protonated 
form of the dye and the maximum at 540 my belongs to the neutral dye. 


In addition, preliminary experiments were 
sor a carried out on the influence of gaseous NHg and HCl 

i on the photoeffect in TIl colored with other dyes. 

1 The adsorption of HCl vapor by a layer of Tll dyed 
with erythrosin, Methylene blue, and Malachite 
green led to a certain increase in the sensitivity of 
the semiconductor itself and in the induced sensitivity 
(Fig. 3), The adsorption of ammonia vapor decreased 
slightly the photoeffect of the semiconductor itself 
and suppressed the induced sensitization considerably. 


Photo-emf 


The results obtained can be attributed to the 
following influences acting on the surface levels of 
Fig. 3, The spectral distribution of the photo-emf the semiconductor, When adsorbed on the dyed layer, 
in Tll dyed with Malachite green: 1) in vacuo, the HCl protonates the dye and at the same time 
2) in HCl vapor at 1-5 mm Hg pressure, creates on the semiconductor surface acceptor 

levels which impoverish the surface layers of electrons, 
which are formed in ZnO by adsorbed oxygen molecules and on TI by adsorbed molecules of iodine. According 
to our views [1], it is in these surface levels that the transfer of electrons to the conductivity zone takes place — 
in the case of ZnO by means of the energy quantum absorbed by the dye, When HCl is adsorbed, therefore, the 
photoeffect induced by the dye decreases, In the case of Til, however, sensitization is accompanied by the 


transfer of electrons from the filled zone to the surface layer, so that their impoverishment, produced by the 
adsorption of protons, is favorable. 


The adsorption of NHg produces the opposite effect, since it favors the filling of the surface layers of 
oxygen and iodine with electrons, to which the excitation energy of the dye is transferred, 


This explanation is to be preferred to suggestions which bring in the height of the level reached during 
excitation of the dye molecule, In actual fact, as can be seen from Table 1 and the figures, the displace- 


ment of the absorption maximum toward longer wavelengths observed during protonation or deprotonation has 
no effect on the efficiency of the sensitization, 
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A MASS-SPECTROMETRIC STUDY OF CESIUM HALIDES 


P. A. Akishin, L. N. Gorokhov, and L. N. Sidorov 


M, V. Lomonosov Moscow State University 

(Presented by Academician V. N, Kondrat'ev, June 6, 1960) 

Translated from Doklady Akademii Nauk SSSR, Vol. 135, No, 1, pp. 113-116, 
November, 1960 

Original article submitted June 3, 1960 


Until recently there were no reports of molecular association in the vapor of cesium halides; it was 
assumed that the vapor consisted only of diatomic molecules CsX, In 1958, however, Milne, Klein, and 
Cubicciotti [1] and Berkowitz and Chupka [2] found by mass-spectrometric studies that when cesium chloride 
vapor is ionized by electrons, a comparatively small quantity of Cs,Cl* ions are formed, indicating the pre- 
sence of dimeric CsgCl, molecules in the vapor, Eisenstadt, Rothberg, and Kusch [3] studied the velocity dis- 
tribution in molecular beams of alkali metal fluorides and found that the ratio of the pressures of dimer and 
monomer in cesium fluoride vapor at T = 863° K is pg/pyp = 0.093 and that the heat of dissociation of the dimeric 
molecules to monomeric molecules is AEy = 37.84 1.3 kcal/mole, In 1959, Schoonmaker and Porter [4] used 
the mass-spectrometer to determine the differences in the heats of dissociation of the dimeric molecules of the 
alkali metal fluorides, and assuming for sodium fluoride a heat of dissociation AH = 60.0 kcal/mole [5] they 
obtained for the heat of dissociation of the cesium fluoride dimer the value AHT = AEy +RT=41.4 4 3.7 
kcal/mole (T = 1121° K). 


In work on the free evaporation of alkali metal halides, Rothberg, Eisenstadt and Kusch [6] detected slight 
dimerization of the molecules in cesium bromide vapor (pg/py sx 0.04), but no dimerization of the iodide was 
observed (earlier, Miller and Kusch [7] had estimated the possible upper limit of the ratio of the pressures of 
dimer and monomer in the vapors of cesium chloride and bromide at 0.05 and 0.08 respectively), Thus quan- 
titative data are available only for cesium fluoride, It was therefore considered of interest to carry out a mass- 
spectrometric study of all the cesium halides to determine the composition of the vapor and measure the heats 
of dissociation of the dimeric molecules. 


The work was carried out on an MS-4 mass-spectrometer, An ion source with double effusion chamber 
was used, The test specimen was placed in the lower chamber and effusion of the vapor took place from the 
upper chamber, which was connected to the lower chamber by a narrow channel, By heating the chambers 


TABLE 1 


Mass-Spectra of Cesium Halides 


Tem 
Substance °K Cst (Ig) | CsX+ | (Ia) 
Cesium fluoride | 793 | 100,0 0,00 8,30 0,083 
Cesium chloride | 828 | 100,0 1,43 6,23 0,061 
Cesium bromide | 829 | 100,0 7,24 5,84 0,050 
Cesium iodide 787 100,0 | 25,9 4,00 0,032 
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separately, it was possible to change the temperature of one while keeping the temperature of the other constant. 
Part of the molecular beam leaving the second chamber was ionized by means of electrons, A more detailed 
description of the apparatus has been given earlier [8]. Table 1 gives the mass-spectra of cesium halide vapors, 
obtained for the following instrument operating conditions; accelerating voltage 1.5 kv, cathode emission 
current 1,0 ma, and ionizing voltage 90 v, The intensity of the ion currents represent the sums of all the iso- 
topic forms; the intensities of the weak ionic currents of X* and Cs," are not given, The mass spectra were 
recorded with the temperature of the upper chamber equal to that of the lower chamber, so that the data in the 
Table correspond to the saturated vapors, : 


lonic currents for CsgX* were recorded in all the spectra, indicating the presence of dimeric Cs,X_ mole- 
cules in the vapors, In order to make allowance for the mutual superposition of the spectra of the monomers and 
dimers in the determination of the heats of dissociation and composition of the vapor, we found the ratios of the 
intensities in the spectra of the dimers of cesium fluoride and chloride, For this purpose we measured the change 
in the ionic currents with change in the temperature T, of the lower chamber at constant temperature T, in the 
upper chamber, Thus, the equilibrium constant for the dissociation of the dimeric molecules (in the upper 
chamber) 
CsgXq 2CsX (1) 
remained constant during the experiment, while the total pressure, and, hence, the degree of dissociation, 
changed. The formulas given in [8, 9} were used to calculate, from these measurements, the following ratios 
for cesium fluoride: a 92 =0.7 + 0.3; a y2= 0.00; for the chloride: a 9,=0.6 + 0.2; 
Ay2=0.04 + 0,01, Here Ip, and ly, are those fractions of the ionic currents I) (Cs*) and 1,(CsX*) which are 
produced by ionization of the dimeric molecules, The value of the coefficient ag, = 0.6, found in experiments 
with the chloride, was used in subsequent calculations for cesium bromide and iodide. 


The heats of dissociation of the dimeric molecules were measured as follows: the maximum superheating 
of the upper chamber relative to the lower chamber was established, after which the temperature T, of the upper 
chamber was lowered, while the temperature T, of the lower chamber was kept constant, The ionic currents 
were measured at approximately 10° intervals; when the point at which the temperatures of the two chambers 
were equal was reached (T, = T,), the temperature of both chambers was lowered further, in such a way that 
T, = Ty. The change in the intensities of the ionic currents Ip, 1,, and 1, with change in T, is shown in Fig, 1. 


120. 125130 


3 
Fig. 1, Curves showing the relationship Fig. 2, Plot of log K,* vs. 1/T for 
between the logarithms of the ionic cesium chloride, 
currents and the reciprocal of the tem- 
perature: 1) Cst; 2) (CsCI®)*- 100; The heats of dissociation of the dimeric molecules 
3) (Cs,C1®)*- 100. were calculated from the temperature dependence of 


the quantity K,* =1y2/1,, which is proportional to the 
equilibrium constant for reaction (1), Here Igy =I) — aggly is the ionic current of Cs*t from the monomer, The 
results of the calculations are given in Table 2. Data from one of the experiments with cesium chloride are 
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given in Fig, 2, The value which we found for the heat of dissociation of cesium fluoride agrees with the 
literature data [3, 4] within the limits of experimental error; the heats of dissociation of the dimeric molecules 
of cesium chloride, bromide, and iodide have been obtained for the first time, 


TABLE 2 


Heats of Dissociation of the Dimeric Molecules and the Composition 
of the Vapor of Cesium Halides 


Temp. AE 
Molecule | ° 


kcal/mole Pd/ Pip 


704—859} 36,4+0,9 | 0,14 (793°K); 0,11 (813°K) 
CsoCla 745—875| 32,4+1,3 | 0,07 (810°K); 0,07 (828°K) 
786-—909| 31,2--0,6 | 0,05 (826°K); 0,03 (829°K) 
Csyle 755—862| 31,2--0,1 | 0,03 (787°K); 0,04 (820°K) 


The data from the experiments on the determination of the heats of dissociation (as far as the point where 
T,=T,) were used to calculate the ratio of the vapor pressures of monomer and dimer pg/p,, by the method 
proposed by Milne [10]. The formula used for the calculations was derived with allowance for the molecular 

flow of vapor along the channel connecting the upper and lower chambers [8]: 


Here Ig, and I, are the intensities of the ionic currents of monomer (Cs*) and dimer (Cs,X*) at the point where 
the temperatures of the two chambers are equal (T, = T,), and I'gy and I", are the intensities of the same ionic 
currents at the point T', > T°;, This method gives the relative composition of the saturated vapor at a tem- 
perature T = T, = Tp». The results of the calculation are given in Table 2, Since in the case of cesium halides 
the heats of dissociation of the dimeric molecules are less than the heats of sublimation of the monomers, the 
ratio pq/p,, should increase with increase in temperature, The deviations from this relationship shown by the 
data in Table 2 are due to errors in the determination of the values of pg/ pm. 


Let us examine the relationship between the intensities of the ionic currents in the mass spectra of the 
cesium halides and the composition of their vapors, The ions Cs* and CsX* are formed predominantly during 
the ionization of the CsX molecules, which predominate in the vapor; the ionic current I1,(Cs,X*) makes up 
approximately half of the total ionic current for ionization of the Cs,X, molecules, It may be assumed with 
sufficient accuracy that the ratio of the cross sections of ionization of the dimeric and monomeric molecules 
is close to two, Taking account of this fact, we reach the conclusion that the value of the ratio 1,/(Ip + 1) 
should be close to that of the ratio pg/p,,. Comparison of the data in Tables 1 and 2 confirms this conclusion, 
Thus the ratio of the ionic currents can be used to determine the relative composition of the vapor of the spectra 
if its components are known, 


In the experiments with cesium chloride, attention was paid to the fact that the ratio of the ionic currents 
1p/l, (Cs*/CsCi*) decreases with increase in temperature irrespective of whether this is accompanied by an 
increase or decrease in the relative concentration of the dimeric molecules in the vapor (Fig. 1), Consequently, 
the change in the ratio 1)/1, depends little on the contribution of the dimer to the ionic currents of Cs* and 
CsC1* and is determined chiefly by the temperature dependence of the mass-spectrum of the monomer, which 
can be followed more accurately from the ratio of the ionic currents of Cs* and CsCl* from the monomer: 
= (Igy = 1, — aggla). Within a range of 100°, ag varies from 86 (800° K) to 67 (900° K), i.e., by 
more than 20%, Thus, in this case, increase in temperature leads to an increase in the probability of formation 
of molecular ions CsCl*, and this can be explained from an examination of the mutual superposition of the 
potential energy curves for the CsCl molecule and the CsCl* ion, Since the intensity of the molecular CsCI* 
ions in the mass-spectrum is low compared with that of the fragment ion Cs*, it follows that r, — the “critical® 


ag 
; 
a 
4 


distance of the molecular fon, at which its energy is equal to the dissociation energy — is much greater than 

te — the abscissa of the minimum on the potential energy curve for the CsCl molecule, Increase in temperature 
increases the population of the upper vibrational levels. The probability that the molecules occupying these 
levels will have internuclear distances r > rt, is high. On electron collision, therefore, transitions leading to 
the formation of stable molecular ions are frequent, 


In the case of cesium bromide, and more particularly cesium iodide, the relative intensities of the 
molecular ions in the mass-spectra are much higher, indicating a smaller difference between r, and tr, than 
is the case for the chloride. Increase in the population of the upper vibrational levels thus has little influence 
on the number of molecules forming molecular ions on electron collision, In addition, the increase in the 
population of the upper levels of the CsBr and CsI molecules with increase in temperature takes place more 
slowly, since their vibrational constants are smaller than in the case of cesium chloride (CsCl, we = 209 cm}; 
CsBr, We = 139 cm7!; Csl, We = 101 cm™*[11]), For these reasons, the temperature coefficients of the spectra 
of cesium bromide and iodide are close to zero, 
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The authors of the familiar theories of turbulent combustion, which are constructed on the basis of one or 
other of the versions of the application of the so-called “frontal model" [1-4], have started from the assumption 
that the front of the laminar or small-scale turbulent flame is preserved, irrespective of distortion or splitting 
into separate burning jets, This assumption of the nonannihilable flame front, as it were, is based on the theoreti- 
cal suggestion that increase in the intensity of diffusion exchange in the flame front facilitates an increase in the 
rate of its propagation in accordance with the relationship Uf ~ v Km W,. For a constant average rate of 
reaction W,, the width of the combustion zone 6¢ increases, and the temperature gradient in the flame front 
accordingly decreases, in direct proportion to the increase in Ug (Fig.1a). When the volume occupied by the 
combustion products is not restricted, however, these changes cannot change the final combustion temperature 
(neglecting losses by radiation), and hence cannot influence the average characteristic rate of reaction, complete- 
ness of combustion, and thermal current related to unit mass of the burnt mixture. 


a b 
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Fig. 1 


It has been suggested that the action of small-scale turbulent diffusion (of scale 1 < 6) is in this respect 
exactly analogous to the increase in the molecular diffusion coefficient and hence in the same way cannot have 
any influence on the reaction rate and completeness of combustion, and accordingly can only facilitate an in- 
crease in the rate of propagation of the flame front. Here, however, it was not mentioned that this suggestion is 
applicable only so long as the volume occupied by the combustion products is large compared with the volume 
of the combustion zone, and in all cases almost complete combustion is achieved and a final adiabatic flame 
temperature Tq is attained, 


If, however, we are dealing with the propagation of flame from a separate tongue or jet of combustion 
products, surrounded by fresh burning mixture, where the dimensions of the jet are comparable with the width 
of the laminary flame zone, then the position proves to be quite different. When the dimensions of a jet of 
this type are limited, the increase in the rate of small-scale turbulent transfer, which leads to broadening of the 
combustion zone and increase in the flame velocity, can produce conditions where the final temperature of the 
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combustion products starts to decrease, so that the rate of reaction and specific thermal current also decrease 
(Fig. 1b), The combustion is incomplete and further increase in the rate of turbulent diffusion can create con- 
ditions where propagation of the flame becomes impossible and the flame is extinguished, 


The conditions for this type of extinction of an individual isolated tongue or jet of flame of finite dimen- 


sions, thrown by the turbulent pulsation into fresh mixture, are exactly analogous to the conditions for the break- 
down of stationary combustion in so-called homogeneous reaction vessels of constant volume, which have been 


examined theoretically by Ya. B. Zel'dovich [5], With intensification of 
the combustion process in restricted volume, as a result of the entry into this 
volume of greater quantities of fresh mixture per unit of time, the tempera- 
ture in the volume starts to decrease, since combustion cannot take place 
completely in the time interval available, This decrease in temperature 
leads to retardation of the reaction, as a result of which further stationary 
combustion conditions become impossible at a definite rate of supply of 
fresh mixture in the reaction vessel, 


The average temperature T,; inside the reaction volume is determined 
by the equilibrium between the rate of heat evolution and the consumption 
of heat for the combustion of fresh mixture. Breakdown of the stationary 
conditions takes place when the temperature decreases by a quantity 


Fig. Re RT2 a d 
Tag Ty The absolute values of G,,;, corresponding to 
breakdown prove to be proportional to the maximum reaction rates in the laminary flame front, i.e., to the 
E/RT 


maximum value of the function e 
confirmed in (6, 7]. 


r (Taq — Ty)". These theoretical considerations have been well 


Taking account of the fact that, together with the large-scale pulsations which distort the flame front or 
break it down into individual burning jets and which have relatively large dimensions 1 >> 6 jam, and small- 
scale pulsations with 1 <  6&jam» Which intensify the process of transfer to the front itself, there is present in 
any turbulent layer, to a greater or lesser extent, a whole spectrum of pulsations of intermediate scale, while the 
initial large-scale pulsations are later broken down into pulsations of smaller scale, we find that the above 
mechanism for the extinction of individual burning jets should be extremely probable, The extinction of a flame — 
under conditions of intense turbulent exchange is confirmed by a whole series of experimental observations, 
particularly those made when a stream of flame gases of high velocity is directed into a burning mixture. 


Although this extinction on the whole may take place in those cases where there is an excess of fresh 
cold mixture around the burning jets, i.e., in the start of the turbulent combustion zone, it is in these conditions 
that it may have a decisive influence on the rate of propagation of the leading front of the turbulent flame and 
the conditions for its stabilization, This rate should be determined by the probability of extinction of the in- 
dividual jets of combustion products, thrown forward by the most rapid turbulent pulsations into the fresh mixture, 
i.e., by the possibility or impossibility of subsequent propagation of the flame from these rapid jets. 


We shall attempt to carry out a quantitative analysis of the conditions for the extinction of a jet of com- 
bustion products with initial temperature T,4, surrounded by original mixture of temperature Tp, making use of 
experimental data for the limits of the breakdown of combustion in a spherical reaction vessel [6]. Thus, for an 
isooctane — air mixture, for example, for an excess air factor of o = 1.43, pressure 1 atm and Ty = 400° K, 
breakdown starts at a rate of heat evolution equal to 222 cal/cm*-sec, which corresponds to a consumption of 
fresh mixture Vorit = 640 cm/sec for 1 cm® reaction volume, 


Let us assume that the jet of combustion products has the shape of a cylinder with area of base 1 cm? and 
height 0.25 cm, The fresh mixture is supplied via both bases with a velocity V"‘y, and the combustion products 
are removed via the lateral surface of the cylinder (Fig. 2). For extinction of a jet of this type, it is necessary 
to supply to it 160 cm/sec of fresh mixture, i.e,, V"y = 0.8 m/sec, which is only 1,8 times greater than the 
normal rate of propagation of the flame Uj, in the mixture under consideration, so that even a slight increase 


in the small-scale turbulent exchange above the molecular conditions should lead us to expect extinction of 
the flame. 
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In the case of the stoichiometric mixture, according to the data of the same authors, breakdown took 
place at V_,j, = 2.1 liter/sec -cm, which in our conditions would correspond to a value of V", = 2,65 m/sec, 


which is now 3.3 times greater than for a=1 (Vopit ~ Wmaxe Whereas Uy ~ so that the pro- 
bability of extinction should be much less in this case, 


The above mechanism for the extinction of individual burning jets of restricted dimensions under the 
influence of small-scale turbulent diffusion enables us to provide an extremely simple explanation for a whole 
series of the observed features of turbulent combustion, Thus, for example, a great deal of experimental data 
shows that, in complete accordance with the theory of K, 1. Shchelkin [2], the rate of propagation of a turbulent 
flame (related to the leading boundaries of the combustion zone) as a rule proves to be proportional to the root- 
mean-square value of the pulsation rate U, ~ U*. In the progressive region this relationship becomes U; ~ Ugjiow 
(8). At the same time, however, experiment shows that in contradiction to Shchelkin's theoretical conclusions, 
the reaction — kinetic properties of a burning mixture influence U; at any value of U', including very high 
values, and there is no unique relationship between U,; and U}. 


A more precise version of the relationship U, = f (U’, W, is given in [9], where the authors, over a wide 
range of change in U' from zero to 8 m/sec, obtained ideal straight lines corresponding to the formula 


=aU’+6, (1) 


where b ~ U), but the value of the slope a is greater the higher the combustion temperature Taq and hence 


the reaction rate in the flame, Changes in T, 4 have a smaller influence on the value of a, however, than on 
U}. 


These results prove to be quite understandable in the light of the mechanism examined above for the 
extinction of individual jets of flame, Assuming, as has been done repeatedly by many research workers and 
as appears most probable from the viewpoint of the physics of the phenomenon, that the flame in a turbulent 
current is carried forward into the fresh mixture at the velocity of the pulsations, we find an exhaustive explana- 
tion of the influence of the reaction — kinetic properties of the burning mixture on U;, while still retaining the 
hypotheses of the frontal model, At the same time, this influence proves to be similar in many respects to the 
familiar relationships for homogeneous (bulk) processes, 


The higher the reaction rate in the flame zone, the less probable should be the extinction of the individual 
burning jets thrown forward into the fresh mixture by the most rapid large-scale pulsations; or, in other words, 
the greater the probability that the leading boundaries of the turbulent flame will be propagated with the velocity 
of the most rapid pulsations, On the other hand, at a low reaction rate, the original mixture can be ignited only 
by the main mass of pulsations with velocities close to the root-mean-square velocity, 


From this the value of the coefficient a in Eq. (1) can vary from a =1 (close to the limits, apparently, 
a may be < 1) to certain maximum values corresponding to the ratio ne in the given turbulent stream. 


In the case of normal tubular turbulency, this ratio amounts to 3,5-4 [10] and when turbulence- producing grids 
are present, this may rise to 6 [11], in accordance with which the rate of propagation of the turbulent flame in 
rapidly burning mixtures, particularly at high pressures, may be several times greater than U', as is in fact ob- 
served in practice, At the same time, it is no longer necessary to attribute this phenomenon to the spontaneous 
production of turbulence, as has been attempted by many workers [3, 13, 14]. 


Although, in the examination of turbulent combustion we started from the frontal model (assuming in all 
cases the leading part played by combustion at the boundaries of separation of the jets of fresh mixture and 
combustion products) and hence from an identical reaction mechanism (in both laminary and turbulent flames), 
it can nevertheless be seen from the proposed mechanism that the reaction rate should influence the rate of 
propagation of the turbulent flame only indirectly — via a change in the probability of extinction of combustion 
at the surface of individual rapid jets, This explains the familiar [9, 12, 14] absence of any unique relationship 
between U, and U;. Whereas the velocity of a laminar flame U, ~ ¥ ky, Wr, the rate of propagation of a 
turbulent flame should be a more complex function not only of W, but also of the characteristics of the turbulent 
stream, with account taken of the spectra of pulsation rates and their scale. 
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An explanation is also provided for the different ways in which U, and U; are influenced by pressure, 
which in the first case has a slight negative effect or zero effect, and in the second case a distinct positive 
effect. This is related to the influence of pressure both on the reaction rate and on the decrease in the width 
of the laminary flame front zone and hence the decrease in the dimensions of the burning jets, at which the 
extinguishing action of small-scale turbulent diffusion becomes possible. 


Extremely simple explanations are also provided for the limits of stabilization of turbulent combustion 
by means of pilot flames behind bodies round which flow is difficult and in gas streams, The observed narrow- 
ing of the limits of combustion breakdown in stabilizers when fine networks are placed in front of them is ex- 
plained by the greater probability of extinction of jets of flame of relatively small dimensions, 
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The fact that carbon shows a characteristic homogeneous transition from the amorphous to the graphitic 
crystalline form with a continuous and extensive alteration of properties is undoubtedly related to the marked 
tendency of the element to polymerization, This was noted even by D, 1, Mendeleev [1]. The characteristic 
polymeric structures which arise in the initial steps of carbonization are aggregates of layers of aromatic carbon 
atoms which are bound to one another by side radicals and are stable even under high temperatures [2, 3). 
Homogeneous crystallization results from the polymeric nature of the carbon [4] and is an orientation process 

of the same type as that involved in the crystallization of many organic chain polymers [5]. The multiplicity 
of states assumed by carbon in homogeneous crystallization, plus a pre-crystallization state [6], determine the 
transitional forms of the element, 


The present paper presents the results of a study of the specific heat (cp), coefficient of thermal diffusivity 
(a), and thermal conductivity (\) of transitional forms which were obtained by high-temperature treatment 
of petroleum coke, and channel and thermal carbon blacks, The petroleum coke had a density of 1.405 g/cm’, 
and contained 0.08% ash and 5,13% volatile material, The ash content of the channel black (C 94.59%; 
H 0.68%; O 4.79%) was 0.09% and that of the thermal black (C 99.65%; H 0.27%; O 0.08%), 0.01%, 
The particle diameter was approximately 0.5 mm in the coke and <1 in the blacks, 


The specimens were treated at various temperatures in the interval from 1000 to 3000° in a nitrogen, 
argon atmosphere in a furnace having graphite heating elements, Room temperature values of c, and a were 
determined by the G, M, Kondrat'ev method of the regular thermal regime [7] as modified for small specimens 
[8]. Values of ) were calculated from the volume weight, 8 , and the data on Cp and a Q = cpab bs 


Figures 1, 2, and 3 give measured values of cp and a, and calculated values of ), for the various working 
substances, as functions of the temperature, the duration of treatment being 10 or 30 minutes. Figure 4 gives 
kinetic curves showing the relation between cp and the time of treatment at furnace temperatures of 1600 and 
2500°, 


The fact that calcination under fixed conditions gives a cp variation which differs from one carbon 
specimen to another indicates that each follows a different series of structural transformations, The a value 

for powders is markedly dependent on the density of particle packing, i.e,, is dependent on the bulk weight, 6. 
Observations show that channel and thermal carbon blacks differ from petroleum coke insofar as the density of 
particle packing is only slightly dependent on the temperature under fixed experimental conditions for the deter- 
mination of a, The alteration in 6 is from 0.55 to 0.65 for the coke and from 0.23 to 0.25 for the carbon blacks, 


: 


To a considerable degree the marked difference in the absolute values of a and ) in the products resulting 
from thermal treatment of carbon blacks and petroleum coke must be due to differences in density of particle 
packing and structural porosity, Nevertheless, the relation between these factors and the temperature of treat- 
ment must be determined principally by the structural transformation of the carbon in each specimen, 
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Fig. 1. The relation between specific heat 
and temperature of treatment: a) thermal 
carbon black; b) channel carbon black; 
c) petroleum coke (c, in kcal/kg -° C). 


Fig. 2, The relation between thermal 
diffusivity and temperature of treatment, 
Same symbols as in Fig. 1 (a+104, 
m*/hr, plotted on the axis of ordinates), 


As anticipated, not all of the side radicals enter into the polymeric carbon skeleton of the carbonized 
substance to form a net of valence bonds, The remaining peripheral radicals which are not incorporated into 
this net form a “fringe* which is bound to each layer of aromatic carbon atoms, This part of the structure 


markedly enriches the covalent rotational spectrum, and contributes significantly to the internal energy and 
to the heat capacity of the carbonized material, 
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Fig. 3, The relation between the co- 
efficient of thermal conductivity and the 


temperature of treatment, Same symbols 


Fig. 4, Relation between specific heat and time 
of isothermal treatment: a) coking carbon, t = 
= 500°; b) PS carbon, t= 700°; c) channel 
asinFig.1 (A, 10° kcal/mehr-°C, black, t= 1600°; d) channel black, t = 2500°; 
‘ plotted on the axis of ordinates). e) thermal black, t = 2500° (cp, kcal/kg +° C), 


An interpretation of the thermal properties of the products obtained from thermal treatment of carbonized 
substances must give consideration to the changing relationships between the three basic structural factors: the 


plane layers of aromatic carbon atoms, the side radicals which bind these and form the spatial net, and the 
remaining radicals which go to make up the "fringe", 
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Three types of c, vs temperature of treatment relations are observed for petroleum coke (Fig. 1) and 
are to be related to the existence of three different stages in the structural transformation of carbon, It is our 
belief that the relatively smooth fall-off of the heat capacity up to 1800° corresponds to growth of the carbon 
layers as the result of side radical breakdown, 


The number of side radicals diminishes markedly in this stage, Nevertheless, the polymeric structure is 
maintained by recombination of the radical bonds as they become free and the spatial structure is continually 
reestablished. There is a sharp drop in cp over the interval of pre-crystallization from 1800 to 2000°, as the 
result of inclusion of a second mechanism which leads to the union of neighboring layers, The possibility of 
layer growth is opened up in the first stage by removal of the "fringe*. 


The diminution of Cp in the two stages which have just been described is determined by an increase in 


the proportion of carbon organized into atomic planes and a decrease in the number of side radicals in the 
"fringe", 


The diminution of cp in homogeneous crystallization (which begins at 2000°) results from approach of 
the carbon layers during azimuthal orientation and is accompanied by passage from a dmax Of 3.42 A in the pre- 
crystalline stage to a dppin Of 3.35 A in the maximally graphitized carbon. Ithas been shown earlier [9] that the 


decrease inc, is related to the degree of homogeneous graphitization resulting from approach of the carbon 
layers by a linear equation 


Y = 3,42 —don2/ (3,42 —3,35), 


in which doo2 is the variable interplanar spacing for the crystallization process, The relation between a and 
» and the temperature of treatment is described by S-shaped curves with a point of inflection near 1800°, 


Apart from the diminution of cp, the scattering of the elastic waves of atomic vibrations on the structural 
nonhomogeneities and the increase in the electronic component of ) resulting from the growth of the carbon 
layers can be considered as the principal factors leading to continuous alteration of the ) value of petroleum 
coke with rising temperature of treatment in the first two stages of the structural transformation of the carbon. 
The electronic component normal to the layer also determines the value of ) in homogeneous crystallization, 
as is indicated by the fact that the coefficient of thermal conductivity, \, [9], and the specific resistance, p, 
[6] have been shown to vary linearly with y. 


TABLE 1 


Treatment Degree of graphitization, y 
Treatment 
sintiaiaaiinh duration, petroleum | thermal carbon | channel carbon 
"| fixed temp,| coke black black 


min, 


10 0 0 
2000 10 0.10 0.04 


2300 30 0.38 0.55 

2420 30 0.87 F 

2500 30 1.0 0.77 0 
3000 10 1.0 0.77. 0.09 


Thermal carbon black has approximately the same temperature of initial crystallization (2000°) as pet- 
roleum coke, but is distinctive insofar as its crystallization at high temperature is incomplete, the maximum 
gtaphitization, y, being 0.77 (Table 1). 


This is clearly related to the fact that the diminution in Cp for the thermal black in homogeneous 
crystallization is much less pronounced, There is a common physical basis for the inability of the thermal 
black to undergo full crystallization and the uniform diminution in Cp prior to crystallization which distinguishes 
it from petroleum coke, It has been shown earlier [10] that homogeneous crystallization of carbon is impeded 
by the formation of a spatial net of = C=C=C= bonds between the carbon layers, since these bonds have high 
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thermal stability and resist breakdown at temperatures up to 3000°, This factor retards the union of the carbon 
layers so that there is neither a sharp fall-off of cp) over the pre- crystallization interval from 1800 to 2000° nor 
points of inflection on the ) and a curves. 


The dependence of cp, , and a for channel black on the temperature of treatment is characterized by 
a very gradual diminution of cp up to approximately 1300 *, 4 maximum in the neighborhood of 1700°, and a 
diminution in cp, A, and a over the 2700-3000° interval, The channel black differs from the other forms of 
carbon in that it does not undergo homogeneous crystallization and has a high initial oxygen content (4.79 %). 
The presence of a spatial net of thermally stable bonds which are more flexible than those of the thermal black 
accounts for this peculiar variation of thermal properties at high working temperatures and for the almost com- 
plete inability to undergo crystallization, The formation of this net should be related to the dehydrogenation 
resulting from destruction of the oxygen-containing side radicals with cleavage and production of allene carbon 
chains to bind the carbon layers [10]. 


The relatively low value of cp in channel black is determined by the fact that it contains carbonaceous 
materials (both initially and at working temperatures < 1300°), the oxygen in the side radicals of the latter 
giving rise to an additional spatial net of C-O-C bridge bonds, Breakdown of this spatial net of oxygen bonds 
and transition of the side radicals from the net into the “fringe* give an adequate explanation for the pronounced 
maximum on the Cp VS. tworking Curve for channel black, 


Destruction (*"melting®) of the spatial net of valence bonds of still lower thermal stability might explain 
the maxima on the kinetic Cp curves for mineral carbons (Fig. 4) at values of tworking corresponding to a 
temporary transition of the carbon into the liquid state [12]. Similar effects from the “melting” of a spatial 
net of bonds are also observed in such organic polymers as polyvinyl acetate [11] where a c, maximum at lower 
temperatures corresponds to the weaker intermolecular bonding. 


The results of this study have shown that the properties of carbonaceous materials are determined largely 
by the polymeric structure of carbon and by the nature of the spatial net of bonds, Only the maximally graphitized 
form of carbon (y = 1) is completely free of such a bond nei. 
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The presently available experimental data on the enthalpies and heat capacities of solid substances do 
not generally extend beyond 1500-1600° (1, 2]. This situation results from the experimental and technical 

difficulties which accompany work at higher temperatures, At the same time, study of such thermophysical 
properties as the enthalpy and heat capacity at temperatures far above 1600° is vitally necessary for modern 
technology. These facts have led to the development of a technique for determining the enthalpy and heat 

capacity of solid substances and to the construction of an apparatus for measurements up to temperatures of 
the order of 2400°. 


This apparatus operated on the method of mixing and involved a massive metallic calorimeter with a 
diathermic system for thermal measurements, The specimens were heated to high temperature in a rebuilt 
TVV-2 furnace which was equipped with tungsten heating elements, A separating device inserted between 
the furnace and the calorimeter was so constructed that a sliding door opened when the specimen fell into the 
calorimeter and then closed once more, Furnace and calorimeter together formed a hermetically sealed volume 
which was held in a vacuum of the order of 10°* mm of Hg or in an inert atmosphere of argon at a pressure of 
1.05 atm during operation, 


The calorimeter system consisted of a copper block, two platinum resistance thermometers, and a lever 
mechanism for closing the copper flaps in the calorimeter cover. This mechanism held these flaps open up 
to the instant of fall of the specimen, Once the specimen had fallen, the flaps were closed automatically by 
the closing of the sliding door of the separating system, 


The temperature of the calorimeter system was measured on inner and outer resistance thermometers. 
The outer thermometer had a resistance of approximately 200 ohms and was imbedded, double wound, in a 
two-track groove cut into the cylindrical surface of the copper block. The inner thermometer had a resistance 
of approximately 50 ohms and was in the form of a spiral of platinum wire double wound on a helicoidal copper 
frame, This thermometer was inserted into a deep depression in the copper block. Good thermal contact 
between the thermometer and the block was assured by careful adjustment of the dimensions, Each thermometer 
was made from spectrally pure platinum wire and had a diameter of 0.05 mm. 


The copper block was enclosed in a metallic jacket. The heat loss of the calorimeter system was reduced 
to a minimum by carefully polishing the inner surface of this jacket and by covering the copper block with a 
tightly stretched layer of aluminum foil. A system of polished aluminum foil screens was also interposed 
between the jacket and the block while the projecting portions of the calorimeter system were constructed of 
a textolite having low thermal conductivity. 
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The calorimeter jacket was surrounded by a water bath whose temperature was held constant to within 
+ 0.001°, 


The calorimeter was calibrated by electrical heating. The electrical work, Q, was measured potentio- 
metrically by the compensation method, assuming that 1 abs, joule = 0.2390 cal, This calibration was used 
to determine the relation between the heat equivalent of the calorimeter, H, and the true change in tem- 
perature of the calorimeter system, At: 


H = | (1) 


Graphs showing the variation of the temperature of the calorimeter system with time were constructed 
from the experimental points and used in calculating At. From the averaged straight lines over the initial 
and final periods, the apparent temperature change in the calorimeter system (t — tg), and the temperature 
derivatives (dt/dr) and (dt/dr) for the principal period could be found from the times r» and 1, at its 
beginning and end and the corresponding temperatures ty and tp. The corrections for heat exchange, §t and 
At, are then given by [3] 


st=k —t,)dt, At = (t, + 8f'=t,— to, 


*) =t,+6t being the corrected temperature of the system at the end of the principal period, The integral of 


EQ. (2) was evaluated graphically and the rate of cooling, k and the convergent temperature, t, obtained by 
calculations: 


__ dt)p—(at/ dt)o 


k= (3) 
p 
(dt tytto (4) 


The quantity of heat introduced into the calorimeter by the specimen was found from the measured value 
of At and the calibration function (1) 


Q=HAt=(8) (5) 


The initial temperature was the same (t 9 = 22°) in the calibration and in the experiments on the deter- 
mination of enthalpy, so that Eq, (1) is a unique relation between Q, H, and At and the values of At in the 
numerator and denominator of the right-hand member of Eq, (5) are identical. This method of calibration 
makes it possible to replace the parabolic dependence of the resistance of the platinum thermometer by a 
linear relation which is valid over an interval At < 10°, at the same time keeping the error low enough [4] 


so that the coefficient of proportionality between temperature and resistance will be a unique function of At 
and will thus cancel out of the final result (5), 


Thus, construction of the t = f (r) curves and use of Eqs, (1) - (5) for the calculation makes it possible 
to pass directly from the electrical resistance of the thermometers and the calorimeter calibration to the 
H f (AR) relation, 


A total of 28 calibration points was obtained for each of the thermometers. The scatter of these points 
with respect to a straight line obtained by the method of least squares did not exceed + 0.2% for either the 
outer or the inner thermometer. The mean square deviation was + 0.08%. The change of the heat equivalent 
of the calorimeter amounted to 0.07% per degree, 
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The following points became clear in the course of the calibration: 


1) Experiments in which the temperature curves over the principal interval were of different form agreed 
to within the limits of error of the calibration, even though the time required for the introduction of a fixed 
quantity of heat differed by a factor of 2-3, 


2) The experimentally developed (dt/d 1)p = f (t, — tc) and (dt/d T)9=f (tg — tc) curves indicated 
that the conditions of heat exchange in the calorimeter were practically independent of the direction of thermal 
flow and that applicability of the law of cooling upon which the calculation of §t from (2) was based was 
limited to a temperature difference (t —t,) +5 — 6°, For this reason the experiments were carried out at 
At=3 —8°, and the thermostat temperature was so chosen as to be almost equal to t,, so that the value of 
5t/ At did not exceed 5%. 


3) The quantities of heat determined from the two thermometers were in good agreement, the deviation 
between them being approximately + 0.1%, and use of the more convenient inner thermometers is therefore 
recommended in such studies, 


The first experiments on the completed apparatus were devoted to an investigation of corundum, the 
a- modification of aluminum oxide, with the aim of increasing the accuracy of the data obtained by other 
authors up to 1550° and extending the interval of study up to 1993°, i.e,, practically up to the melting point 
of corundum which lies at 2015-2050°. Study was made of five cylindrical specimens 28-43 mm in height, 

and 17-21 mm in diameter, These specimens contained 99,8-99.9 % aluminum oxide and weighed 17-29 g. 


Temperatures up to 1318° were measured with a Class II platinum— platinorhodium thermocouple, while 
higher temperatures were determined with an optical pyrometer using a cylindrical depression in the specimen 
as a simulated absolute black body, This pyrometer and the triangular glass prism through which the specimen 
was observed were checked against a Glass I reference temperature lamp in the All-Union Scientific-Research 
Institute of the Committee for Standards and Measuring Instruments, The specimen was suspended in the furnace 
on a tungsten wire which was melted electrically when it was desired to introduce the sample into the calorimeter. 


In view of the special features of high temperature studies [4], an ampule was not used to contain the 
corundum, the heat loss of the specimen during fall into the calorimeter being calculated from the known value 
of the coefficient of complete radiation [5]. 


Thirty experimental points were obtained over the temperature interval from 498 to 1993° and through 
these a smooth curve was drawn, These results are represented in the graph (refer to the experiments of the 
Moscow Institute of Energetics) in which the experimental data of other authors have also been plotted for 
reference, Most of these experiments were carried out in an atmosphere of argon, the results agreeing with 
those control experiments which were performed in vacuum, Passage from high temperatures back to low had 
no effect on the results, 


Over the working interval of temperatures, the experimental points agreed, on the average, to within 
+ 0.5% with the data of [6] (500 - 1514°), [7] (1100 - 1400°), and[8] (500 - 1300°), and to within 41% 
with the data of [9, 10] (500 - 1550°). New experimental data agreed with the results of [11, 12] at 800-900° 


and were higher by 1-0,2%, respectively, at 500 - 800°. The experimental data of [13] at 500 - 1100° were 
lower than our own by 0.5 - 1%, 


The maximum relative experimental error in our determination of enthalpy was estimated to be + 0.5% 
in cases in which the temperature was measured with the thermocouple (500 - 1300°) and + 0.9% in cases in 
which the temperature was measured with the pyrometer (1300 - 2000°). 
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It has been shown [1-7] that the character of sorbent porosity has a considerable influence upon sorption 
kinetics as well as on the separation degree of mixtures, It has been found that the highest degree of separation 


is attained on adsorbents with small pores as a result of the fact that the adsorption potential sharply increases 
when the pore diameter is decreased, 


Besides the sorbent structure, the nature of the mixture plays an important role when separating by means 
of the sorption method. We have shown [8, 9] that just the component, the addition of which causes the system 
to deviate from ideal behavior, is sorbed preferentially from binary mixtures, This conclusion opens new 
possibilities for a scientific selection of adsorbents and catalysts and for choosing the very best conditions for 
the purification and separation of mixtures, Consequently, the accumulation of quantitative data on the ad- 
sorption as a function of sorbent structure and nature of the medium is of known scientific and practical interest 
and this the more because most of the existing studies in this region of knowledge comprise only the region of 
diluted solutions, For this reason we have undertaken investigations in order to study more deeply the in- 


fluence which narrowing of the sorbent pores has upon raising selective sorption from hydrocarbon mixtures 
differing in nature as well as in properties, 


In this study we have investigated the adsorption from saturated vapors of the binary mixtures dichloroethane- 
ethyl alcohol, benzene-ethy! alcohol, chloroform-dioxane and ethyl alcohol—methy] alcohol on two silica gels 
with uniform pores, clay and activated wood charcoal. 


The adsorption was done in the vapor phase and the concentration was varied over the whole range, The 
composition of the mixture adsorbed was determined from the change in the composition of the liquid, The 
silica gels used in this investigation were very different as regards their porosity. One (ASM) belongs to the 
second structure type in the classification according to A, V. Kiselev [10] and the other (MSK) to the third type. 
Although the catalysts chosen in this way have the same chemical nature, they must show a different selectivity 
for the components of the binary mixtures mentioned, 


The experimental sorption data are shown in Figs, 1 and 2 in the form of equilibrium isotherms and are 
plotted in the coordinates: mole fraction of the component 2 in the adsorbed phase (N?) versus mole fraction 
of this same component in the solution at equilibrium (N»,) (Table 1), 


As can be seen in Fig, 1 a and b, the equilibrium curves have the S-shape which, as we have already 


noticed previously, is characteristic for binary azeotropic mixtures with positive or negative deviations from 
Raoult's law [8, 9). 
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The comparison of the data in Fig. 1 shows that a positive adsorption of alcohol from binary dichloroethane- 
ethy! alcohol mixtures is found at equilibrium liquid mixture compositions between 0 and 0.55 mole fraction of 
alcohol in the case of silica gel with narrow pores and between 0 and 0.29 N, in that of silica gel with wide pores. 


TABLE 1 


Selectivity of Methy! Alcohol Sorption by Silica Gel from 
Ethyl Alcohol—Methy] Alcohol Mixtures 


Mole fraction of | Mole fraction of methyl alcohol in 
methyl alcohol | sorbent phase 

in the solution | silica gel with silica gel with 
at equilibrium | narrow pores wide pores 


0.092 0.156 0.103 
0.262 0,324 0.293 
0.415 0.495 0.459 
0.555 0.636 0.611 
0.680 0.771 0.719 
0.794 0.848 0,825 
0.904 0.942 0.935 


In the system benzene —ethy! alcohol an analogous relation was found, Here, the silica gel with narrow pores 
shows a greater selectivity toward alcohol than does that with wide pores, To the right of the points where the 
composition of the adsorbent phase and that of the equilibrium liquid mixture are equal, that is, for equilibrium 
mixtures with a higher alcohol content, the sorbent phase is enriched in dichloroethane or benzene.Such an 
inversion of selectivity may be considered to result from the thermodynamic properties of binary mixtures with 
low-molecular components, Other conditions being equal, the selectivity of sorption depends upon whether in 
the sorbent are present pores with molecular dimensions (2-3 molecular diameters), which because of the super- 
position of the field from the opposite wall have an enhanced sorption potential, 
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Fig. 1, Curves of the equilibrium (N# — N,) between the ad- 
sorbent phase and binary dichloroethane —ethy] alcohol (a) or 
benzene—ethy] alcohol solutions (b), 1) On silica gel with 
narrow pores; 2) on silica gel with wide pores, 


A, V. Kiseley and co-workers [11] have shown that upon decreasing the pore diameter of silica gel from 
104 to 38 A, the selectivity of toluene sorption from solutions in heptane is enhanced, and the maximum 
sorption is shifted toward more dilute solutions. For sorbents with narrow pores, the total sorption potential will 
be the sum of the work done by the adsorption forces when displacing a molecule from the gas phase to a given 
point on the sorbent surface (the adsorption potential of the sorbent surface) and the capillarity potential, which 
is characterized by the field energy of capillary forces referred to unit liquid mass in the porous body [12]. 
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The first of these (referred to as unit surface area) depends upon the chemical nature of the solid surface, 
while the magnitude of the capillarity potential is mainly determined by the physical structure of the solid. 
This means that sorbents with strongly developed narrow pores will have not only high sorption potentials but 
also a high sorption selectivity, The capillarity potential of such sorbents will, as it were, correspond to some 
free surface area having a certain sorption potential and ability, obviously, to show properties analogous to 
those of the adsorption forces in the field of the sorbent surface. Therefore, it is difficult to expect propor- 
tionality between the selectivity of sorption and the specific surface areas of the sorbents when these refer to 
different structural types. 


Data of I, E, Neimark [6] on the chromatographic separation of hydrocarbons confirm this conclusion, 
The degree of selectivity shown by sorbents depends not only upon the magnitude of their sorption potentials 
but also on many other factors on which we will dwell shortly. 


First asthey depend upon the character and the chemical nature of the surface and the affinity for the 
components of the mixture, sorbents may show an enhanced or a diminished selectivity in sorption, Here two 
cases should be distinguished: a) when the binary mixture shows a positive deviation from Raoult's law and the 
sorbent has affinity for that component the addition of which causes the mixture to deviate from additivity, the 
degree of selectivity is enhanced; b) when the deviation of mixture properties from additivity is negative, 
the degree of selectivity will be diminished, 


In the opposite case, where the sorbent has a 
greater affinity forthe component the dilution of 
which increases the ideality of the system, the degree 
of selectivity is diminished in systems with a positive 
deviation from additivity, while it is enhanced in 
those with a negative deviation, 


To illustrate the rules given, we compare the. 
selectivity of sorption from the binary chloroform- 
dioxane mixture on the silica gel with narrow pores, 
ASM; on clay from the region of the town Vitebsk; 
and on the activated wood charcoal BAU (Fig. 2). 


From the data in Fig. 2 it is obvious that the 
silica gel with narrow pores, because of its affinity 
for dioxane, the component which makes the mixture 
deviate from ideality, shows a lower sorption selectivity 
than does clay or charcoal, 


QI Q2 03 G5 Q7 49 
—e Let us consider the factors which determine this 

character of adsorption, The chloroform— dioxane 
mixture, just as chloroform—acetone [13] and chloro- 
form—diethyl ether[14] mixtures, belongs to the 
systems showing a negative deviation from Raoult's 
law, as has been shown by thermodynamic investiga- 
tions [15]. Such mixtures are found preeminently in those cases where the components of the solution have a 
raised mutual attraction, which results in the formation of solvated or chemical compounds from the mixed 
molecules, In other words, the mixing of two liquids with very different internal pressures will generally be 
accompanied by a deviation of the mixture properties from Raoult's law. From a thermodynamic point of view, 
such mixtures are characterized by an enhanced nonideality or, which is the same, by an excess free energy of 


formation per mole of real solution F', which is greater than that of a mole of ideal solution Fi [16]. Here, the 
difference F° between these values is negative, 


Fig. 2, Curves of the equilibrium (N? — N,) between 
the adsorbent phase and a binary chloroform— dioxane 
solution: 1) on silica gel with narrow pores; 2) on 
clay; 3) on activated charcoal. 
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Since silica gel,as mentioned above, has an enhanced affinity toward dioxane, it does work on the system 
such that the free energy is increased when it sorbs the latter substance, This means that in the sorption of a 
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certain volume of the chloroform—dioxane mixture by silica gel less energy is gained than is set free upon sorbing 
the same volume of this.mixture by clay or charcoal, An analogous relation is found also in sorption from 
dichloroethane-— ethyl alcohol and benzene— ethyl! alcohol mixtures where silica gel with narrow pores, for just the 
same reasons, to the right of the points where the compositions of adsorbent phase and equilibrium solution are 
equal, shows a smaller sorption selectivity than does silica gel with wide pores (Fig. 1). 


On the other hand, in systems with a positive deviation from Raoult's law the sorption of the component 
which makes the system deviate from additivity is accompanied by a decrease in free energy and an increased 
thermodynamic stability of the mixture, Other conditions being equal, the degree of selectivity is enhanced 
such that the component toward which the adsorbent has greater affinity is adsorbed positively (Table 1 and 
Fig, 1), 


In conclusion, we want to underline that sorbents with narrow pores in combination with the chemical 
nature of their surfaces and the thermodynamic properties of the binary solutions are responsible for the selective 
_ sorption of components from a binary mixture. 
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According to contemporary ideas [1-3], the mechanisms of adhesion and of covulcanization of rubbers 
have much in common, The phenomenon of covulcanization, like polymer adhesion, involves the diffusion of 
macromolecules and their segments, particularly so in the first stage of vulcanization when cross- linkages have 
not yet been formed, The only difference between covulcanization and adhesion is that, with the former, the 
process of interaction of molecular chains is sooner or later interrupted by the superimposed vulcanization pro- 
cess, which joins macromolecules or their parts by firm chemical bonds, This gives an adhesion layer con- 
siderably stronger than any layer formed by diffusing molecules, which are joined only by weak intermolecular 
bonds, 


It is interesting to ascertain how vulcanization of elastomers will affect their adhesion to polymers which 
cannot form chemical bonds with them, This is a matter of great practical importance, since rubbers are 
frequently used in combination with vegetable and synthetic fibers, which cannot be vulcanized. 


Elastomers of different molecular structure, polarity, and molecular mobility were used as adhesives: 
butadiene- acrylonitrile rubber (SKN- 26), butadiene-styrene rubber (SKS-30A), butadiene-styrene oil-filled 
rubber (SKS-30ARM-15), and butyl rubber, From these we prepared a number of rubber mixes, some containing 
vulcanizing agent, others containing an equivalent amount of chalk as an inert filler. The best vulcanizing 
agents were selected for each rubber, 


The substrates used were unplasticized films of Cellophane (cellulose hydrate) and Perfol PK-4 (poly- 
caprolactam), 


The adhesives were applied to the substrates as coatings on a calender, using the optimum conditions for 
each elastomer [4], The products thus obtained were doubled over and vulcanized. Vulcanization was carried 
out in a “Berstorf" direct vulcanization apparatus, at 143° and a pressure of about 0.85 kg/cm*. The vulcanizing 
time was varied from 0 to 88 minutes, 


Figures 1 and 2 show the variation of the specific adhesion (determined by the stripping method) of 
elastomer coatings to the above substrates, It can be seen that, regardless of the type of adhesive and substrate, 
the time for which the system was held at the vulcanization temperature had a powerful influence on the result- 
ing adhesion. However, for coatings which did not contain vulcanizing agents, the adhesion increased con- 
tinuously (though at a varying rate) with increasing time of thermal treatment, whereas, with coatings con- 
taining vulcanizing agents, the adhesion passed through a maximum. 
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The continuous increase in adhesion in the first case can be explained by the interaction of molecules, 
or of their elements, in the boundary layer, In the second case, the increasing adhesion with relatively short 
thermal treatments can obviously be explained in the same way. Because of the vulcanization induction period, 
structural changes either do not occur at this stage, or are very slight, 
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Fig. 1, The effect of thermal treatment time on the adhesion of coatings free from 
vulcanizing agents to:a) polyamide film PK-4 and,b) Cellophane. 1) Butyl rubber; 
2) butadiene-styrene oil-filled rubber SKS-30ARM-15; 3) butadiene-styrene rubber 

SKS-30A; 4) butadiene- acrylonitrile rubber SKN- 26, 


The marked change in curve shape for vulcanization times above 12-15 minutes is probably due to two 
factors, One is the rapid fall in diffusion rate as the result of structural adhesion, However, even total cessation 
of diffusion could only mean that the adhesion would cease to increase further with heat treatment time, The 
reduction in adhesion must be due to the creation of an auxiliary strain in the contact zone, as the result of a 
contraction in the rubber coating following structural changes, This strain would reduce the force required to 
rupture the adhesion layer. 


The results obtained enabled us to draw a number of conclusions as to the effect on adhesion of the 
molecular structure of the elastomers investigated, 


It is well known that butyl rubber is a practically nonpolar elastomer with a linear structure, and that its 
molecular weight is small compared with those of the other elastomers (in our case, the mean molecular weight 
of the butyl rubber was 32,000). The low molecular weight of this polymer is associated with a relatively high 
concentration of macromolecule end groups, and it is known [5] that these are the most active in son pro- 
cesses, This ensures that butyl rubber should have the maximum adhesion to both substrates, 


The bulky styrene units and high molecular weights of butadiene-styrene elastomers account for the con- 
siderably lower values of their adhesions, It is very interesting to compare the adhesions of butadiene-styrene 
elastomers SKS-30A and SKS-30ARM-15, The latter only differs from the former normal low temperature 
butadiene-styrene rubber in containing plasticizer, which is introduced during the process of forming the co- 
polymer, Since both the above copolymers are of the same chemical nature, it can only be supposed that the 
greater adhesion of the oil-filled elastomer is due to the higher mobility of its molecular chains, 
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In all cases, the minimum adhesion was observed with the most polar adhesive — butadiene- acrylonitrile 
copolymer, This circumstance can also be explained in terms of the diffusion theory of adhesion as due to the 
low mobility of the molecular chains and the existence of acrylonitrile units, In this case, the diffusion process 
definitely occurs much more slowly, as shown by the absence of any marked increase in adhesion during the 

initial stage of polymer interaction. Apart from this, the value of the specific adhesion in this case can largely 
be explained by intermolecular reaction between polar polymers in the contact zone, 
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Fig, 2, The effect of vulcanization on the adhesion of rubber coatings to 
a) polyamide film PK-4, and b) Cellophane. The curve numbers have 
the same meaning as in Fig. 1. 


TABLE 1 


The Effects of Degree of Vulcanization on the Strength of the Bond Between Rubber 
and Cloth 


Optimum vulcaniza- | Resistance to stripping, 
Cloth body tion time, min. g/cm’, after vulcaniza- 
type for for tion for 
rubber | adhesive 35 min 


Rubber 


15 min 


SKS-30A 


Percale 15 900 1500 
Caprone 1520 35 15 350 1050 
Glass cloth T,; 15 600 1350 


15 


Percale 1150 2000 


Caprone 1520 35-40 15 200 100 
Glass cloth T; 15 400 1200 
Butyl rubber | Percale 15 2600 3900 
Caprone 1520 40 15 2000 3600 
Glass cloth T, 15 2700 4000 


It will be noted that the curves, showing the change in adhesion with time of thermal treatment for the 
different adhesives, are in the same order in Figs, 1 and 2, This shows that peculiarities in rubber vulcanization 
were not concealing adhesion effects due to the nature of the adhesives. In considering the effect of the nature 
of the substrate on adhesion, it is first necessary to return to the fact that nonpolar rubber can develop high 
adhesion to a polar substrate, This can be explained as due to local dissolution of adhesive hydrocarbon chains 
in a substrate consisting of polar groups together with sufficiently large nonpolar hydrocarbon chain regions [6]. 


Comparison showed that adhesion was always greater to caprone than to cellulose, This is probably due 
to the extreme stiffness of the cellulose molecular chains [7] and their high packing density as the result of 
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hydrogen bonds between hydroxy] groups [8], Cellulose also differs from caprone in always being obtained only 
in a glassy state (7, 9], The even structure and the physical state of cellulose provide the least favorable con- 
ditions for the diffusion of adhesive molecule elements, 


Thus, vulcanization of a rubber coating requires the existence of an adhesion maximum, which corresponds 
to the optimum degree of vulcanization from the adhesion point of view. The existence of an optimum vulcaniza- 
tion for bonding strength was confirmed by us for rubberized cloth materials, using cloth made from cellulose, 
caprone, and glass fiber. With these materials, similar behavior was observed for the variation in adhesion with 
degree of rubber vulcanization, The effects of "mechanical adhesion® did not change the character of this varia- 


tion, but only resulted in a higher total adhesion to the cloth as compared with the corresponding specific adhesion 
to foil, 


The existence of an optimum vulcanization for bonding strength in rubberized cloth objects and materials 
can be made use of in industrial practice, At present, such objects are vulcanized under conditions corresponding 
to the optimum for the physicomechanical properties of the rubber. However, the optimum vulcanization time 
for bond strength is considerably less than for rubber properties, and objects vulcanized under the latter con- 
ditions will not show such high adhesion. Table 1 shows the cofresponding values of the bond strength for cloths 
of different chemical nature. Bond strengths are shown after vulcanization corresponding to the optimum for 
rubber properties (35-40 minutes at 143°) and after vulcanization corresponding to optimum bond strength 
(15 minutes at 143°), According to these results, reduction in vulcanization time from 35 to 15 minutes in- 
creases the bond strength by a factor of 1.8 to 3, 


A reduction in the degree of vulcanization of the surface layer (as compared with the degree of vulcaniza- 
tion of the main bulk of rubber) can be achieved without altering the present vulcanization time used for a 
given object by decreasing the vulcanizing agent content in the surface layer of the rubber, As well as in- 
creasing the strength of the *rubber-cloth" bond, this procedure will reduce the cost of the product as the result 
of a reduction in the content of expensive vulcanizing agent. 
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The kinetics of an extensive group of phenomena can be studied through a phenomenological theory of 
the thermodynamics of irreversible processes based on the Onsager Equations: 


k 


in which xy, X2,...,» Xn constitute a set of thermodynamic parameters characterizing the degree of departure 
of the system from equilibrium, Li, are kinetic coefficients, and X; are thermodynamic forces, For the ther- 
mally isolated system, these forces are expressed through equations of the form: 


(3) 
Ox, 
AS being the deviation of the entropy from its value at equilibrium. 


The traditional approach to the thermodynamics of irreversible processes has been one in which second- 
order terms in the expansion of AS have been incorporated into the expression for X, so that the latter becomes 
a linear function of the thermodynamic parameters: 


n 
Xn &=1,2,...,0, (4) 
i 


and, obviously, 


Bin = Shir (5) 
Equation (4) gives a basis for rewriting the system of Eqs, (1) in the form: 
n 
kl 


Thus, the thermodynamic equations of motion of Onsager are linear in both formulations, (1) and (6), 
It can be shown statistically [1] that relation (2) results from symmetry in the bj, matrix: 
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bin = Opi, 


The elements of this matrix enter into the expression for the dissipative function, D: 


insofar as it is a measure of energy dissipation, 


It can be shown readily that 
Dm 
By taking (7), (8), (9), and (10) into account, we obtain 


Li, = bp. (11) 


The linear form of the kinetic relation expressed through the system of Eqs, (6) is valid only in the 
neighborhood of equilibrium since it was developed for condition (4), This limitation is always vitally significant 
except for transfer phenomena and similar effects. In general, the system (6) cannot be extended to the entire: 
kinetic region of the phenomenon in question but begins to come into play at times close to t = a when equili- 
brium is established in the system, 

The kinetic relation expressed through the system of linear equations (1) with condition (6) will be de- 
signated as linear-linear, It will be shown below that the linearity of (6) will break down in the next stage of 
approximation while that of (1) is maintained, 


If the earlier definition of the thermodynamic forces in the form of (3) is retained and account taken of 
third- order members in the expansion of AS, the result is: 


n n 
1 
i i, 
from which it is obvious that 


Gin = Bris Mn = Oy = My = (13) 


It will be quickly noted that the form of the function o is independent of the number of members in 
the expansion of AS, i,e., 


(9") 


Under these conditions, the kinetic equations can be brought into linear form once more: 


k 


(7) 
| n 
D= + > Bint) tr, 
which resembles the “production of entropy,” 
A 
| o= os) 
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It will be assumed further that the dissipative function, which resembles o in determining the dissipation 
of energy, can be expressed as before 


(8") 


It must be supposed that 


if the function D* is to pass over into D when k}, > X,. 


Equations (7), (8"), (9"), (10°) and (14) give 


Lin Lin- 


The kinetic Eq, (1") takes the form 
n 

xX; = LaXi. (1') 


and relation (2) is fulfilled by the Ly, 


When the X‘, are expressed as functions of the thermodynamic parameters of (12) the result is a system 
of nonlinear kinetic equations of the form 


k,m m k 


The kinetic relation covered by Eqs, (1°) and (6") will be designated as linear-nonlinear, 


It is natural to suppose that the linear-nonlinear form of the kinetic relation has greater generality and 
possibly embraces the entire kinetic region for certain processes in which the linear-linear form is applicable 
over only a limited interval near the equilibrium state, 


It is readily noted that (6") passes over into (6) when nonlinear members can be neglected, 


By way of illustration we will consider a system subject to chemical reactions since this is the most 
typical instance of limited applicability of the linear-linear relation. For simplicity we will select a definite 
reaction involving two consecutive reversible bimolecular steps: 


ky Rs 
2B1 2 2B2; 2Be= 2Bs; 
Ry 


k, being the rate constant for the i-th reaction; 


cj is the concentration of the i-th component at the instant in question, and cf is the concentration of this 
same component at equilibrium, 


, 

with 
D’ = (10") 
bin = (14) 
o 
n 
é 
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If this reaction is carried out at fixed temperature and volume, it will follow that [2] 


AF being the departure of the free energy from its equilibrium value, 
In view of the fact that superposition effects are absent in chemical reactions [3], i.e., that 


Lin = Lei 0, 


the independent concentrations will be covered by the kinetic equations 


Supposing the chemical potential to be expressed by 
= RT In + 
i 


and considering third-order members in the expansion of AF, we obtain 
4 4 


1 4 2 
1 


4 

—— — —— | 

| 44) 


Taking account of the fact that 


Li = hi = hs 


and using (16) to bring the variables c; into the system (21), gives 


des + head, 


2 dt 
1 dc 
a result which is in complete agreement with the Law of Mass Action, 
Thus, in this case the linear-nonlinear relation applies over the entire kinetic region ranging from initiation 


of reaction (at t = 0, Cy = Co, Cy = Cg = 0) to equilibrium, 


(18) 

L2X2. 
(20) | 

| 
2 

(22) 


It is readily noted that the linear form of the formulation (1) results from the use of (3) as definition of 
the thermodynamic forces, The range of applicability of the thermodynamic method is limited by this de- 
finition. The conditions of the physical problem in question will dictate the number of members which must 
be taken into account in the expansion of AS. It can be shown that the linear-linear relation obtained by con- 
sidering second-order members in the expansion of AF is applicable over the entire kinetic region of each 
monomolecular step, Bimolecular steps require that third-order members in the decomposition of AF be taken 


into account while trimolecular steps necessitate consideration of fourth-order terms in conformity with the Law 
of Mass Action, 


The author wishes to take this opportunity of expressing her deep appreciation to A. D, Stepukhovich for 
his continual interest in this work and for valuable comments and advice, 
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The nature of the critical phenomena which have been disclosed during the study of branching chain 
reactions is essentially that at certain values of experimental parameters (dimensions of vessel, temperature, 
and pressure), a very small change in these may produce a sudden alteration in the nature of the process taking 
place, The theory of critical phenomena for rapid branching chain reactions, associated with the ignition of 
the reaction mixtures, has been developed by N, N, Semenov [1]. 


It follows from the Semenov theory of slow chain reactions with degenerative branching that critical 
phenomena are to be expected under these conditions, As far as gaseous reactions are concerned, the con- 
clusions of the theory have been vindicated for the oxidation of arsine [2], of ethane [3], of acetylene [4], and 
of some other hydrocarbons (methane, propane, ethylene and propylene) [5], for which the occurrence of the 
critical phenomena when the dimensions of the reaction vessel are changed has been established, 


During a recent study of the oxidation of n-decane in the presence of copper stearate, it has been shown 
that critical phenomena are also present for the oxidation processes in the liquid phase [6], It was observed that 
the copper stearate plays a dual role in this process: small quantities exert an accelerating effect, but increase 
in the copper stearate (CuSt,) concentration leads to the observation of a distinct retarding effect. A critical 
concentration of the copper stearate has been established, beneath which the autoaccelerative process is 
developed with a measurable induction period (2 to 4 hours), and above which the induction period increases 
rapidly and produces a practically complete cessation of the reaction, 


The authors explained the existence of a critical concentration of copper stearate within the framework 
of the generally accepted scheme of oxidation on the assumption of branching and breaking of chains on the 
CuSt, molecules, N, N, Semenov, considering the mechanism of chain degenerative branching reactions, has 
expressed the opinion that in liquid phase oxidations a critical inhibitor concentration ought to exist, above 
which the process will be found to be stationary, and above which it will be autooxidative [7]. 


The scheme for the oxidation process in the presence of an inhibitor may be represented in the following 
manner: 


RH + O2-» + chain initiation 
R: + —> ROg: 


+ RH “$ ROOH + R: 
ROOH RO- + branching 


chain continuation 


k 
RO, + InH — chain termination 


Pre 
4 
3 
4 


(where InH denotes the inhibitor). 


In the current work it may be taken as established that the destruction of radicals on the inhibitor mole- 
cules occurs practically exclusively by means of chain termination up to the point of almost complete exhaustion 
of the inhibitor, The system of differential equations which describes the kinetics of the process has the form: 


d|RO,-] 
al = Wo + ks [ROOH] — &, [RO2:}; 


d|ROOH] 
ke [RO2] [RH] [ROOH]. 


At constant inhibitor concentration the solution of this system of differential equations is given by the following 
functions; 


[RO2] = Ao + + Arce = fi 
[ROOH] = Bo + + Boers! = fe (2), 


where Ao, Ay, Ag, Bo, By, and By are parameters whose value depends on the initial conditions but are independent 
of t; while )4 and ), are the roots of the characteristic equation 


+ [k; [InH] + ks] [k; [INH] — [RH], 


which is obtained by equating to zero the determinant of the system: 


= 0. 
ky [RH] —ks—A 
The condition that the roots of the characteristic equation shall pass through 
zero is fulfilled by equating to zero the free term 


k;{InH] — ke [RH] = 0. 


For negative values of \y and 2, which are found when kj [InH] is greater 
than ky [RH], a slow, stationary development of the process should be ob- 
served, If, however, one of the values of ) becomes positive, kj [InH] is 
less than ky [RH], the process then becomes autoaccelerative. 


The current work has had the objective of obtaining experimental 
indication of the existence of the phenomenon of a critical concentration 
3 for the inhibitor in the oxidation of hydrocarbons, using typical inhibitors 


r 4 of radicai-chain processes, and to measure the magnitude of this concen- 
tration, 


1 1 
of 8 6 aoe The reaction chosen for investigation was the oxidation of n-decane 
, ea in the presence of a-naphthol as inhibitor, the concentration of the latter 
Fig. 1. Kinetic curves for the 
. in the reaction mixture being maintained constant during the course of an 
ON experiment, The inhibitor was introduced into a mixture in which reaction 
8 e , was already taking place at some definite time in the reaction, ty = 2 hours, 
decane at 130° for different 
; when the concentration of hydroperoxides in the reacting mixture had 
concentrations of o-naphthol 1 £0.17 le % . 
(in mole/ml). 1) 8.2+1077; 


2) 4.41077; 3) 33-1077; The course of the reaction was followed by means of the kinetic curve 

4) 2.9°107%; 5) 3.1°107%, for the hydroperoxide accumulation, Constancy of concentration for the 

6) 1.0-1077, a- naphthol was attained by addition of the inhibitor to the reaction vessel 
in quantities which compensated for the destruction of the a-naphthol as the 


mol, % 654 — ks 
i 

04 


reaction proceeded, The inhibitor was added in the form of a solution in n-decane (at the same stage of 
oxidation as the decane in the reaction vessel) at the rate of 1 ml/hr, Fluctuations in the stationary concen- 
tration of the inhibitor during the dropping in of its solution did not exceed 0.5-1.5%, The level of the liquid 
in the reaction vessel during the entire experiment was practically constant, since the removal of samples for 
analysis corresponded to the volume of the inhibitor solution in decane which was added, 


The concentration of the a-naphthol was determined spectrophotometrically by the absorption maximum 
at 5830 A, after it had been extracted from the sample by an alcoholic solution of alkali and coupling with 
paranitropheny! diazonium chloride, The rate of destruction of the inhibitor under the conditions of the reaction 
was determined by special experiments, 


The kinetic curves for the accumulation of hydroperoxides for different concentrations of o-naphthol are 
given in Fig. 1, The phenomenon of a critical concentration of the inhibitor is perfectly plain by these data, 
Within the «-naphthol concentration range from 8,2°107' to 3,3+107" mole /ml, practically complete in- 
hibition of the oxidation of n-decane is observed. The kinetic curves for the change of hydroperoxide con- 
centration in this region give indication only of the decomposition of the hydroperoxides, 


However, in passing from 3.3-107? to 3,1°10°’ mole/ml of a-naphthol, that is, for a very small 
reduction in the inhibitor concentration, an abrupt change in the character of the process occurs, The inhibited 
oxidation is replaced by a rapid reaction, which takes place according to an autocatalytic law similar to the 
process which occurs in the absence of inhibitor, 


The data which have been obtained confirm the theoretical considerations set out above concerning the 


existence of critical phenomena under the influence of inhibitors, in the case of slow chain branching processes 
(reaction with degenerative branching), 
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Plasticizing of polymers is usually regarded as a technological method of improving the elastic and 
plastic properties of a material, i.e., decreasing its brittleness as a result of the introduction of specially chosen 
low- molecular substances, namely, plasticizers, This lowers the transition points of the polymer from one 
physical state to another or broadens the temperature range in which it is in a highly elastic state [1]. In the 
first case, there is weakening of the intermolecular bonds as a result of blocking by plasticizer molecules of 
the active groups of the polymeric chains responsible for these bonds and in the second case there is blocking 
of the active groups of the polymer chain units responsible for the rigidity of the chains as a whole, This 
plasticizing therefore increases the flexibility of the polymeric macromolecules without changing the transition 
point from the highly elastic to the ductile state. 


The two plasticizing mechanisms presented follow from contemporary ideas on the model of a polymer 
macromolecule and its behavior during deformation [2], It is not difficult to see that these explanations of the 
plasticizing action of plasticizers are based on the molecular interaction of the components of the system: 
polymer macromolecules and plasticizer molecules, The molecular mechanism of this action is described by 
the law of molar [3] or, in the general form, of volume [4] proportions, This interpretation of the phenomenon 
of plasticizing is correct for all cases where there is unlimited compatibility of the plasticizer and polymer, 
i,e,, when the plasticizer is soluble in the polymer, However, for rigid-chain polymers in particular there are 
many cases of low compatibility or even complete incompatibility of plasticizer and polymer, At the same 
time, in such cases the introduction of low- molecular substances into the polymer produces a decrease in 


brittleness of the polymeric material, which appears to the greatest extent at low temperatures and under im- 
pact. 


One of us [1] put forward the hypothesis that the mechanism of this third form of plasticizing is caused 
by loosening of the molecular chains of the polymer as a result of the introduction of low- molecular substances 
with the improvement in the mechanical properties of the material in this plasticizing caused by the appearance 
of the elasticity of the macromolecules, However, these ideas on the mechanism of the action of plasticizers 
which are partly miscible or completely immiscible with the polymer, which are close to the truth, are also based 
on the behavior of the molecular chains of the polymer and plasticizer molecules, At the same time, these 
ideas make no allowance for the structure of the polymeric material, which apparently plays an important part 
in plasticizing, especially in cases of limited miscibility of plasticizers with the given polymer. 


It seemed interesting to examine the mechanism of the plasticizing action of plasticizers in the light of 
contemporary ideas on the structure of amorphous polymers on the example of the most rigid-chain natural 
high- molecular substance, namely cellulose, For this purpose we used an industrial sample of sulfite cellulose 
with a mean molecular weight of about 200,000, The cellulose was first reduced to a powdered state by solution 
in triethylphenylammonium oxide with subsequent precipitation with 2% acetic acid solution. The precipitate 


. 

d 


obtained was washed carefully with water, then acetone, and finally ethanol and dried to constant weight in a 
drying cupboard at 80°. The plasticizers we chose were low-molecular compounds of limited miscibility with 
cellulose ,with one of them (guanidine thiocyanate) mixing with cellulose somewhat better than the other (urea), 
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60 9 Tc, 1,120 190 80 
Fig. 1. Thermomechanical curves of cellulose samples plasticized 
with guanidine thiocyanate, Amount of plasticizer to mixture weight: 


1) 8%; 2) 10%; 3) 12%; 4) 15%; 5) 17%; 6) nas 1) 20%; 
8) 30%; 9) 40%; 10) 50%; 11) 60%, 


The plasticizers were introduced into the cellulose as ethanol solutions; cellulose impregnated with 
alcoholic plasticizer solutions of given concentrations was kept at room temperature for 2-3 days for better 
distribution of the plasticizer in the cellulose, The samples were then dried at 60° to an air-dried state and 
tablets pressed from them at 130-140° and 75 atm, The pressed tablets were kept at the given temperature 

and pressure for 30 minutes and then cooled, Thermomechanical curves were obtained on dynamometric 
balances with a variable load (5), The temperature was raised at 1° C per minute, The load on samples with 
large amounts of plasticizer (20% and above) was increased to 200 g/ mm? and with small amounts of plasticizer 
(up to 20%) to 300 g/mm*, Thermomechanical curves of cellulose plasticized with various amounts of 
guanidine thiocyanate (8-60% by weight) are given in Fig. 1. The presence of polar groups in guanidine 
thiocyanate makes possible some reaction with cellulose, leading to limited compatibility, The presence of 

a plasticizing effect is indicated by a certain reduction in the vitrification point (Ty) of the cellulose, How- 
ever, this reduction in T, is comparatively small and is not characterized by the direct dependence typical 

of plasticizers of unlimited miscibility with the polymer, Simple calculation showed that the plasticizing 

effect of this plasticizer does not correspond to the rules of molar or volume proportions, 


An analogous picture was observed in the plasticizing of cellulose with urea, whose reaction with 
cellulose is even weaker and as a result of this, the reduction in T, of cellulose plasticized with urea was 
even less appreciable than with guanidine thiocyanate, This is illustrated by Fig. 2, which shows the change 
in T, of cellulose plasticized with various amounts of guanidine thiocyanate and urea compared with the 
change in T, of cellulose plasticized with various amounts of triethylphenylammonium oxide, which we 
studied previously [6], As in [6], Fig. 2 gives curves of the change in Ty of plasticized cellulose in relation 
to the amount of plasticizer for the beginning of the bend on the thermomechanical curves Ty (curves 1, 3, 
and 5) and for the inflection point on these curves Tyg (curves 2, 4, and 6). As was shown in [6], the first 
series of curves characterize the production in the plasticized cellulose of the minimum mobility of the chains, 
determining the first signs of highly elastic deformation. The second series gives the vitrification temperatures 


of plasticized cellulose at which rubber- like elasticity of the material arose at a given rate of application of 
the deforming stresses, 


an, 
| 


Thus, the data obtained in the present investigation and in the previous work [6] show that we are dealing 
with two very different types of plasticizing of cellulose. In one case, the introduction of plasticizer leads to 
regular reduction of Ty of cellulose and as calculations show, the molecular mechanism of plasticizing com- 
pletely reflects the accuracy of the rules of molar and volume proportions, This plasticizing occurs in all cases 
of unlimited miscibility of plasticizer and polymer, i.e,, in our case, in the plasticizing of cellulose with 
triethylphenylammonium oxide, In the other case, the introduction of plasticizer leads away from the rules 
presented above and the plasticizing effect cannot be explained by the interaction of plasticizer molecules with 
polymer macromolecules, This plasticizing occurs when the plasticizer is not infinitely miscible with the 
polymer, i.e,, in our case, in the plasticizing of cellulose with guanidine thiocyanate and urea. 


10 20 50 40 50 60% 


Plasticizer concentration 


Fig. 2, Relation of the vitrification points Ty of cellulose to 
the amount of plasticizer introduced, determined from thermo- 
mechanical curves from the beginning of the bend (odd numbers) 
and from the point of inflection (even numbers), 1,2) Triethy]- 
phenylammonium oxide; 3,4) guanidine thiocyanate; 5,6) urea. 


It seems to us that the plasticizing action of this type of plasticizer is best interpreted on the basis of 
modern ideas on the structure of amorphous polymers [7]. In actual fact, if we assume that amorphous polymers 
in the condensed phase consist of highly ordered, secondary structural formations — micelles of highly oriented 
chains —then we are correct in considering two possible types of plasticizing. One of these types, namely, 
intramicellular plasticizing occurs if the reaction of plasticizer molecules with the active groups of the polymer 
chains is more than the intermolecular reaction in the polymer itself. The plasticizing action of such plasticizers 
as are infinitely miscible with the polymer leads to destruction of any secondary structural formations in the 
polymer and we are essentially dealing with a solid solution of polymer and plasticizer. The picture changes 
sharply if the reaction of plasticizer molecules with the active groups of the polymer chains is substantially 
weaker than the intermolecular reaction in the polymer itself. Then the plasticizer may react only with mole- 
cules on the surface of secondary structural formations in the polymer and this type of plasticizing should be 
called intermicellular plasticizing. 


The mechanical properties of polymeric materials obtained as a result of intra- and intermicellular 
plasticizing apparently should also differ substantially, With intramicellular plasticizing we are correct to 
expect that with the application of deforming stresses there will be a fall in the mechanical strength of the 
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material and a substantial increase in elongation, based on the appearance of the highly elastic properties of 
the polymer for which the vitrification point will be lowered in proportion to the plasticizer introduced. Con- 
sequently, with this plasticizing there will appear in the material all the relaxation processes which are given 
by changes in the conformation of the molecular chains, An increase in temperature also leads to viscous flow 
as with intramicellular plasticizing there is a substantial fall in the temperature at which the polymer changes 
from the highly elastic to the ductile state, For rigid-chain polymers such as cellulose, this is the only way of 
achieving its temperature transitions as for the pure polymer these points lie above the chemical decomposition 
point of the product [6]. 


With intermicellular plasticizing, we will probably have a different effect on the mechanical properties 
of the polymer, In the ideal case of this plasticizing, the vitrification point of the polymer should not be 
lowered at all in the presence of plasticizer, Consequently, the mechanical strength, which is caused by 
micelles of highly oriented polymer chains, is then high, At the same time, the elasticity of the plasticized 
polymer is determined by the flexibility of the micelles, which have very asymmetric forms, i.e,, is deter- 
mined by the elasticity of the form of these secondary structural formations, This plasticizing is apparently 
more suitable for the production of frost-resistant polymeric materials with a high impact strength, i.e., for 
those conditions of polymer use where the material is required to have the highly flexible properties caused 
by the elasticity of the form of the structural elements of the material. 
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During recent years numerous papers have been published describing experimental work on the investiga- 
tion of radiation-chemical reactions which take place according to a chain mechanism. In individual papers 
devoted to concrete reactions, the derivation of the kinetic equations is given, However, for a series of cases 
of great practical importance, such, for example, as the inhibited radiolysis of hydrocarbons, or radiolysis with 
the use of large aggregate doses, both the total and the partial kinetic equations are lacking, 


The present communication is devoted to the consideration of nonchain, monomolecular radiation- 
chemical processes involving the participation of some substance X, It is assumed that the substance X may 
exist in two forms in the excited state, X*(, ) and X*(g) and may decompose in some arbitrary number m 
ways,* All the equations relate to the rate of decomposition of the initial substance, 


I, Region of low integral doses, ‘Low dose’ is here used to denote doses sufficiently small to permit us 
to neglect the decomposition of the starting substance and the inhibiting effect of the final products. 


In this region the following processes take place (considering initially only one type of excitation): 
1) X “> X*: excitation by means of irradiation, 

2) X* >X(+hv): dissipation and scattering of radiation, 

3) X* + products (m ways of decomposition or isomerization), 


Accordingly, we have: 


W = Kil, 


where I is the differential power of the dose in ev/cm? sec; 


We = Ke [X°); 


m 


W3= (3) 


i=3 


For stationary conditions: 


Wi = We. + Ws. (4) 


* If we follow the assumptions made in [1], then X% ) and X{%,) may be considered as triplet and singlet 
excitation types, 


(1) 

: 


When Eqs. (1) to (3) are inserted in (4) we obtain 


(5) 
i=2 
Eliminating [X*] from (3) and (5), we obtain: 
Ws = — = Kil K, / Ki. (6) 
i=3 


Since the development of each of the forms of excitation proceeds independently, an equation analogous 
to (6) may also be written down for the decomposition of the substance X by means of other types of excitation, 
Hence, in the general case, the desired rate of decomposition of the substance X may be represented as the sum 
of two equations of the form (6). 


Combining the constants, we obtain: 


Kiya + Kays Kayo + 


Since Ws _ y)!, where y) is the radiation-chemical decomposition of the substance X in 
molecules per 1 ev of absorbed energy, then: 


Kan Kian 
Keya/ Keys +1 Kean! Keays + 1 


(8) 


It follows from (8) that the value of the radiation-chemical yield depends on two parameters; K,, which 
determines the yield of excited molecules per unit dose intensity, and K,/Kg, which is the ratio of the rate con- 
stant for dissipation and scattering to the sum of the rate constants of the elementary decomposition process. It 
is evident that, for molecules with a system of coordinated bonds, and especially luminophores,the ratio K,/Kg 


will be relatively larger, and the value of G correspondingly smaller, than for molecules which do not possess 


such a bond system, 


We note that if one or several of the means of decomposition are reversible, then, in the direct portions 
of (6) and (7), there ought also to be inserted terms, with a negative sign, giving relationships corresponding to 
the sum of the rates (rate constants) of the reverse reactions, 


ll, Kinetics of radiation-chemical reactions with low concentrations of inhibitor which exercises a 
protective influence of the “sponge" type.* The term “low concentration" is here to be understood as meaning 
such an inhibitor concentration as will permit us to neglect the change in concentration of the initial substance 
X, so that the absorption of energy may be completely attributed to the basic substance, 


In such a system, in addition to the processes considered above, it is also necessary to take into account 
the process of transfer of excitation energy, which may be written in the form: 


4) X* +B + X+B*, where B is the inhibitor molecule, The rate of this process is: 


Wa= (BY. 


* The “sponge® type of inhibition — a literal rendering of the Russian—denotes inhibition by absorption of 


excitation energy prior to the reaction of the activated particle, as distinct from inhibition by destruction of 
a reactive species — Publisher's note. 


G 
(9) 
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For reactions in the gas- phase, n = 3 (in general n is a whole number not greater than 3), and so the form 
of Eq. (9) is the normal form for a bimolecular reaction, It is known, however, that the mechanism of excitatiop 
energy transfer in condensed systems is not connected with collision processes (see, for example [2]), The con- 
sideration of possible values for n in condensed systems is a special problem, lying outside the framework of 

our present communication, 


Ill, Radiation- chemical reactions with intermediate integral dosage, with accumulation among the 
reaction products of excitation energy acceptors exercising a protective function of the “sponge” type. Under 
this heading we contemplate the range of integral dosages within which it is impossible to neglect the retarda- 
tion of the reaction by means of the end products, though we may still neglect the destruction of the initial 
substance 


In our treatment, we assume that the acceptors of excitation energy are formed by the decomposition of 
one of the forms of excited molecule, for example X*(2), and that these then inhibit the decomposition by the 
other route, using the excited form X{,). Then 


where A is the excitation energy acceptor. 


It is also necessary to take into account the process: 


5) X%1) +A — A® +X, the rate of which is 


Ws = Ks [A]"”, 


where n has the values indicated above, Taking this process 5 into account: 


Ws = Ways + (Wis Ws). 


The condition for stationary concentration of [X*%q) ] will be 


Way Wis + Ws, 


Keys 
[ (1) Kaya Rays +4 Ks ( ) 


If we now insert in (13) the appropriate values and equate the coefficients, we obtain, 


(15) 
(2) + Ky Ka 


In such a case, as Eq, (15) shows, the reaction rate diminishes with time (that is, with dosage) since [A] 
increases with increase in the integral dosage. 


IV. The general equation, In the general case, it is necessary to take into account not only the accumu- 
lation of excitation energy acceptors among the reaction products but also the destruction of the initial sub- 
stance, Equation (15) should then be rewritten in the form 


= / (X] (Ko += (16) 


Kay +Ka 


(11) 
(12) = 
so that, 
| 
4 
Ws 4 


It follows from this general Eq. (16) that the rate of reaction in the region of large integral dosages is 
diminished very rapidly, since simultaneously there occur the reduction of [X] and increase in the concentration 
of excitation energy acceptors. 


V. The kinetics of a radiation chemical reaction inhibited by low concentrations of added substances 
which exercise protection by a “sacrificial” mechanism.* In considering such a system we shall take account 
of a process similar to 5, above: 


6) Xt) +D + X+D*. 


If the probability of the decomposition of D* is taken as equal to unity, then the final equation will have 
the same form as (15): 


1 


with this difference, however, that [D] diminishes with time. In the more general case, when the probability 
of the decomposition of D* is not equal to unity, we have: 


1) D* — D, with = Ky [D* 
8) D* -+ decomposition products, with Wg = Kg [D* }. 


The destruction of D then depends, not only on Wg, but also on the ratio A aa The ratio of 
1 7 


these constants can be expressed as a new constant Kp, and the form of Eq. (17) remains unchanged, 


VI, The kinetics of a monomolecular radiation chemical reaction of an added substance Xina medium 


in which the energy transfer takes place from the medium M to the added substance.** In the case in which we 


may not neglect the direct influence of the irradiation on the substance X itself, we must employ processes 1-3 
and also the processes: 


9. Mw M’, Wo = Kol, 
10. M* — M, Wio = Kio 
li. X X’, Wis = Kus (M*) 1X}. 


In the case under consideration two conditions may be written down to define stationary states with respect 
to M® and X*, respectively: 


Ws = Wi + Wu, (18) 
Wi+ Wu = We+ Ws. (19) 


From (18) and (19), we may determine the concentrations of the excited species as: 


= 
Ki + Ku 
Kil Ku (21) 


* That is, a mechanism in which the inhibitor absorbs the excitation energy, and so undergoes destruction 
instead of the particle whose energy it has absorbed — Publisher's note. 

** The consideration is carried out on the assumption that the decomposition of the molecules of the medium 
is negligibly small, In the general case Kyo will be the aggregate rate constant of the two processes, 


3 Ray +p (17) 
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If we now eliminate [M* ] between (20) and (21), and multiply both parts of (21) by Kg, we obtain the 
desired equation: 


n/3 
Wo m= Ke (Xt) KoKoKul (X] (29) 


When Kg = 0 and n = 3, Eq, (22) becomes identical with that derived by V. A, Krongauz for the radiolysis 
of benzoyl peroxide in benzene solution [3]. The authors of [3], unfortunately, did not discuss the situation in 
which K, may be regarded as « Kg, nor the concentration region in which n = 3 (in the liquid phase), 


We note in conclusion that the relationships produced above encompass ll the basic classes of monomole- 
cular, nonchain radiation chemical reactions; and that this permits of the construction of experiments specially 
directed toward the investigation of the parameters of radiation chemical processes. 
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During an investigation of the superfine structure of the electronic paramagnetic resonance spectra ob- 
tained from dilute solutions of complex copper ions, we have encountered anomalous behavior which could not 
be explained on the basis of the theory of spectra and, as further investigation showed, is to be attributed to the 
association of the complex particles, 


' 
a b c d e f g 


Fig. 1. 


Figures 1 to 3 give the oscillogram electronic paramagnetic resonance curves obtained at a frequency of 
oscillation of the magnetic field of v= 9395 Mh and at room temperature, for solutions of some amine com- 
plexes of bivalent copper. The narrow lines to the left of the curves are signals from free radicals of a,a- 
dipheny1-8 - picrylhydrazyl, which was used for the calibration of the constant magnetic field Hg, Figure 1 re- 
fers to 0.15 M solutions of monoethanolamine complexes. It had been shown earlier, using the method of 
protonic magnetic resonance [1], that monoethanolamine in solution forms with cupric ions simple internally 
complexed compounds, of which those with a coordination number three possess the greatest stability. These 
are assumed to possess the formula CuEtm, , where the symbol Etm™ denotes the monoethanolamine ion, 
NH,CH,CH,O~. In the preparation of the solutions we have used a sufficiently large excess of monoethanol- 
amine (see below) to ensure the formation of complexes of this formula, and we shall therefore conditionally 
denote them by the formula CuEtms . The oscillograms given in Fig, 1a-f show the change in the form of the 
spectra which takes place when the solvent is varied in the sequence: methanol (Fig, 1a); ethanol (Fig. 1b); 
propanol (Fig. 1c); isopropanol (Fig. 1d); butanol (Fig, le); and benzyl alcohol (Fig. 1f). 


The alcohols used as solvents in this work have approximately the same dipole moment, ~ 1.7D, but 
their dielectric constants diminish from ¢€ ~ 33 for methanol to € ~ 13 for benzyl alcohol, Under the strong 
field conditions which are obtained at the chosen value of the frequency vo, the spectra should consist of four 
components of superfine structure, corresponding to the value of the nuclear spin of Cu®/cu® of °/, For the 
solution of CuEtm,” in methyl alcohol (Fig. 1a), all the components are resolvable. The spectrum displays 
appreciable asymmetry: the extreme right hand superfine component, corresponding to a value of I, = + WP 
(where I, is the nuclear magnetic quantum number), is wider, and therefore less intense, than the remainder. 


ee 

q 

3 
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The asymmetry of the superfine structure spectra has been observed repeatedly for solutions of magnetically 
anisotropic complexes [2, 3], and arises when the characteristic frequency of the Brownian rotation of the com- 
plexes, v, is less than the Larmour frequency v9. The asymmetry of the spectra is enhanced by continued 
reduction of v, and, conversely, disappears if vg is greater than vg, These conclusions, drawn in [4], will be 
employed in the subsequent discussion, 


When we turn our attention from the solution in methyl alcohol to that in ethyl alcohol (dielectric con- 
stant about 24),° the picture changes abruptly (Fig, 1b). There is superimposed on the superfine structure 
spectrum an exchange curve with ger¢= ~ 2,09,°* which corresponds to the position of the superfine structure 
component I, = — '/, (second from the left). In addition to this, the superfine structure itself is extremely 
asymmetrical; the breadth of the superfine component increases rapidly with increase in lz. Because of the 
latter, the superfine component I, = + °/, (which should be at the extreme right) is greatly broadened and 
cannot be detected, The intensity of the exchange peak, in comparison with that of the superfine structure 
rises for the solution in propyl alcohol (dielectric constant ~ 2Q, is approximately at the same level for the solution 
in isopropyl alcohol (dielectric constant ~ 18), and diminishes slightly in moving to solutions in butyl alcohol 
(dielectric constant ~ 17) and benzy! alcohol (~ 13), See Figs. 1 c-f, respectively. 


The presence of the exchange peaks points quite unequivocally to the formation of associated particles 
containing at least two complex copper ions, while the time during which the ions remain in the associated 
state must be greater than the reciprocal of the Larmour frequency, In an 0,15 M solution of CuEtmg complexes 
in methyl alcohol (Fig. 1a) no exchange occurs, but if the dielectric constant of the solution is reduced, as by 
replacing half of the methanol by ether (dielectric constant of ether ~ 4.3), association arises and an exchange 
peak appears (Fig. 1g). °** 


The fact that the exchange peak arises as a result of reduction in the dielectric constant of the solutions 


is evidence of the important role played by Coulomb (electrostatic) effects in the formation of the complex 
particles, 


The association of CuEtms ions when we move from the solution in isopropyl alcohol (Fig. 1d) to that in 
butyl alcohol (Fig. 1e) and benzyl alcohol (Fig, 1e) is somewhat weakened, although, judging from the value of 
the dielectric constant in these alcohols, we should have expected it to continue to increase, It is necessary, 
however, to take into account the fact that the diminution of the dielectric constant of the solutions (Fig. 1a-f) 
is accompanied by an increase in their volume viscosity of the same order,**** The latter factor, which 
diminishes the probability of ionic collisions, seems to be the most likely cause of retardation in the formation 
of associated particles, 


The association of singly charged complex ions under the influence of Coulomb forces may be regarded 
as taking place through the mutual polarization of the complexes when they come within close range of each 


other, A complete explanation of the phenomenon is impossible, however, with the present insufficient experi- 
mental data, 


We have also observed the association phenomenon for a range of other complex copper ions, Figure 2a _ 
gives the electronic paramagnetic resonance oscillogram for an 0.15 M aqueous solution of the ammoniacal 
complexes Cu(NH,)/*, The form of the curve is that corresponding to a nonresolved superfine structure, For 
a relatively small increase in the viscosity of the solution, by substituting about 25% of the aqueous solvent by 
glycerol (by volume), the time of relaxation is extended, and this leads to a contraction of the superfine com- 
ponent, and the appearance of a clearly discernible superfine structure (Fig. 2b) [4]. However, the effect is quite 
different if the complex ions Cu(NHg)j* are dissolved in a solvent with a sufficiently low dielectric constant. 


* All the dielectric constants given refer to the solvent. 

** The position of the exchange peak here, and on the other oscillograms of the spectra, where they occur, 
is denoted by a vertical arrow. 

*** During the preparation of this solution, the content of the complexing agent, monoethanolamine, was 
somewhat increased also, See the method of preparing the solutions, below. 

**** The range of viscosity increase (ny) can be gathered from the following values (in cp): for methanol: 
Nao? = 0.55; for benzyl alcohol, nys° = 17.76. 
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We have prepared 0,15 M solutions of the complex ions Cu (NH,)2* in ~ 90% by volume aqueous methanol, 
~ 84% by volume aqueous ethanol, ~ 65% by volume aqueous propanol, and ~ 60% by volume aqueous 
dioxane (for the last of which the dielectric constant « 2,2), Measurements carried out on all these solutions 
give identical exchange curves with go¢¢ ~ 2,10, and with width AH ~ 219 oe; one of these curves is shown 
in Fig, 2c, Since the superfine structure obtained from the monomeric ions is completely absent, we may con- 
clude that almost all the complex particles are combined into dimeric or more complicated structures, Similar 
results have also been obtained for solutions of ethylenediamine complexes of CuEn?* (where En denotes the 
ethylenediamine molecule, NH,CH,CH,NH,). Using 0,15 M solutions of the CuEn?* complex in water (Fig. 2d), 
and also in methanol, no association was found, but if ethanol was used as solvent, an exchange peak was found 
on the basis of the superfine structure (Fig. 2e), 


fee 
Fig. 2. 


It is evident that, the more concentrated the solution, the larger should be the probability of association, 
This relationship can be applied very successfully to aqueous solutions of CuEn}* complex ions, in which high 
concentrations can be attained, In moving from 0,15 M to 0.3 M concentrations of the complexes CuEn}*, 
an exchange peak is superimposed on the superfine structure oscillo- 
gram (Fig, 2f), The height of the exchange peak increases with 
{ ' 400 200 0 further increase in the concentration of the aqueous solutions of 
haem pprenenee CuEn?+, until in a 1.2 M solution (Fig. 2g), only the intensive ex- 
a b c % (oersteds) change curve can be observed (geff ~ 2.07; AH ~150 oe), 


without any indication of superfine structure. 


ree? Association of the CuEtmg complexes in alcoholic solutions 


(Fig. 1) is hindered by the addition of small quantities of water 
(dielectric constant ~ 80), which cause an increase in the aggregate dielectric constant. This is shown in 
Fig. 3a-c, In an 0,15 M solution of CuEtmg complexes in butanol, containing ~ 5% by volume of water 
(Fig. 3b), the intensity of the exchange peak (in comparison with that of the superfine structure) is appreciably 
less than in the same concentration of solution in absolute butanol (Fig. 3a).* For even greater water con- 
centration ( ~ 10% by volume), the exchange peak is completely extinguished, and the curve takes on the 
asymmetrical form shown in Fig, 3c. It is evident that the abruptly asymmetrical form of the curve in Fig. 3c 
must be considered as a direct precursor of the phenomenon of the exchange peak, And therefore, as we have 
remarked, the development of asymmetry in the spectra is a consequence of the reduction of the characteristic 
frequency of the Brownian rotation of the complexes, vc, and it may be concluded that the observed association 
precedes the reduction in the frequency v,. It appears that reduction of the dielectric constant of the solutions 
initially causes the formation of associated particles with a lifetime tj which is less than the reciprocal of the 
Larmour frequency (that is, ti < 1/v9 ~ 107! sec.), These associates, which are constantly dissolving and 
reforming, would be expected to hinder the Brownian rotation of the complex ions, Further reduction in the 
dielectric constant causes a strengthening of the bonding of the associated particles, and when the lifetime of 
the complex ions in the associated state, tj , begins to exceed the value of 1/vy ~ 10°" sec an effective 
exchange interaction comes into operation, and an exchange peak arises on the oscillograms of the superfine 
structure, The value of tj =1/vg ~ 107! sec is the lower limit of the lifetime of the associated particles 


which are revealed by the existence of the exchange peaks at the frequency of the oscillating magnetic field 
(of the order of 10“ Mh), 


* This curve is given in Fig, le, It is here repeated for convenience in comparing it with Figs. 3b and 
3c, 


x 
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Method of Preparation of Solutions 


All the solutions were prepared by dissolving weighed portions of cupric chloride or nitrate and predeter- 
mined volumes of the necessary reagents (monoethanolamine, concentrated aqueous ammonia, and ethylene- 
diamine) in the appropriate solvents, The salt usually used was the chloride, CuCl,- 2H,O. The only exceptions 
were aqueous solutions of CuEn?*, for which the starting salt was the nitrate, Cu(NO,),*3H,O. Calculating 
on the basis of 0.15 M concentration of the complexes, the following quantities of the reagents were taken (in 
percentages of the volume of all the solutions); for aqueous solutions of CuEn?* , 5%; for methanol-ether 
solution of CuEtms’, 15%; for all the remaining cases, 10%. 
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Formerly, we have shown that nonmetal admixtures which when introduced into silver enhance the 
selectivity in the oxidation of ethylene to ethylene oxide are partially eliminated from the catalyst by their 
interaction with ethylene [1], Therefore, modification of the catalyst by volatile organic halide admixtures, 
which are added to the gaseous reaction mixture is a more rational method of regulating the selectivity. In 
literature [2-5], there have been published data on the influence of organic halides upon the selectivity in the 
oxidation of ethylene to ethylene oxide, but the mechanism by which the admixtures act has not been investi- 
gated, The aim of this paper is to explain the behavior of these admixtures on the silver surface. Under the 
conditions of the catalytic process the organic halide admixtures may be oxidized: 


RX HX + nH + 


where R is the radical CpHg,,,, X the halogen: Cl, Br, I orS etc, Dissociation of the molecule containing 
halogen might also occur: 


+ HX. 


The character of their absorption on silver may also play an important role, 


The oxidation of the admixtures was investigated in the following way. Air which had been purified from 
carbon dioxide was saturated by the volatile organic additions to various concentrations and passed through the 
silver catalyst bed at temperatures between 150 and 350° in a flow system, The oxidation of the admixture 
yields carbon dioxide, which is sorbed by a Ba(OH), solution and then titrated. After each experiment the 
chlorine ion concentration in the silver was determined turbidimetrically or gravimetrically. If there is only 
oxidation of the organic halide, the amount of carbon dioxide will be equivalent to the chlorine content of the 
silver, Therefore, by drawing the balance of CO, and chlorine in the silver the ratio in which the admixtures 
are oxidized and dissociated can be determined, In Table 1 are given data on the oxidation of a series of organic 
halogen compounds on silver, At a temperature 180- 200° carbon tetrachloride and pentachloroethane are oxidized 
for more than 50%, Dichloroethane, chlorobenzene, etc, are oxidized much less, After these admixtures had 
been oxidized on the silver, the latter was investigated by x-rays (diffraction from a tablet with an area of 
0.78 cm?), On the tablet surface a considerable concentration of silver chloride was found, After the surface 
layer had been removed to a depth of 0.2 mm, silver chloride was no longer detected in the sample. It should 
be remarked that in this method of modifying there is observed a drop in the AgCl concentration not only along 
the depth of the tablet but also along the length of the catalyst bed. So, an examination of the silver catalyst 
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on its chlorine ion content after it had been treated with dichloroethane (1075 %) showed that besides a con- 
siderable increase in the selectivity of the oxidation of ethylene into ethylene oxide, there is found an unequal 
distribution of the halogen along the bed (see Table 2). The results obtained when analyzing layers of the silver 
catalyst bed are given in Table 2 and they show that in the first layer the chlorine ion concentration is con- 
siderably higher than in the succeeding ones, 


TABLE 1 


The Oxidation of Organic Admixtures on Silver at 180- 200° 


Admixture S Cl' conc, in silved Degree of ad- 
conc, in air, weight, % mixture 
CO, |halogen 
CCl, 5,5-40-2 | 200 0,34 | 0,2—0,7 ~62,0|/~68,0 
CHCl, 3,2-10-? | 180 | traces | 3.10-?—6-10- 
CICH, — CH,Cl 1,7-10- | 180 | Waces | 3.10-3—5.10-3 — | ~4,0 
CaHyCle 2,3-10-? | 200 | 0,0033 | 1,3-10* ~7,0 | ~5,0 
HOCH.CH,Cl 3,3-10-2 | 180 | Waces | 4.40-*—1.10-2 — | 
HCCl, — CCls 1,8-10-® | 200 | 0,0109 | 1,4-10-! ~59,0/~52,0 
Cl,CF — 4,0-10-2 | 180 | traces | 1.40-?—3-10-? | — |~4,0* 
FCCI,CF2C1 3,3-40-2 | 180 | traces | 4.10-§—2-10-* — |~3,0* 
CeHsCl 3,3-40-2 | 180 | 0,0224 | |~11,0|/~7,0 
CoHsBr 3,3-40-2 | 180 | 0,0079 | 7-10-?>—1-10-* |~4,0 |~4,0°* 


Note, The mean chlorine content of the silver was used in calculating the degree of 
oxidation from halogen, 


* The degree of admixture oxidation was calculated from the Cl-ion content; the F-ion 
was not considered. 
** Calculated from the Br-ion content, 


TABLE 2 


Distribution of the Modifying Admixture Along the Catalyst Bed 


Reaction Yield of CH,0 in % Cl concentration in wt. % 
temperature, | on C3H, | on CyHy con- layer 1, layer Il, layer Ill, 
=i fed verted 20 mm 30 mm 30 mm 


220 33.0 45.5 ‘ 
255 35.0 10.5 | 6.5-1078 | 4.1°10°3 
265 37.0 68.5 


When oxygen is absent in the reacting mixture, the additions decompose on silver (see Table 3). At 250°C 
the highest degree of decomposition is found for pentachloroethane (approximately 42%) and the lowest for 
chlorobenzene (approximately 8%), 


Oxidation curves of 1,2- dichloroethane and chlorobenzene are shown in Fig. 1. When the initial con- 
centration of the organic admixtures is varied by about two times, the degree of oxidation does not change 
and the rate of this process practically does not depend upon the original admixture concentration, 


It should be remarked that the oxidation rate is found to decrease sharply in the course of time, So, the 
oxidation rate of 1,2-dichloroethane over 30 minutes after the start of the experiment is three times greater than 
that over two hours, The decrease in oxidation rate of organic halides on silver probably can be explained by 
the formation of a silver chloride layer on the surface of the tablet. Experiments which we carried out on pure 
AgCl under the same conditions proved that organic halides are not oxidized. The activation energies of the 
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oxidation on Ag, as determined from the initial rates, are: 3 kcal/mole for pentachloroethane,4 kcal/mole 
for chlorobenzene and 6 kcal/mole for dichloroethane, 


TABLE 3 


Decomposition of Organic Halide Admixtures at 250° in the Absence 
of Oxygen 


Admixture Degree of de- |C] content in 
conc, innitro- comppeition silver, 
gen, Cl" data, % 


Admixture 


Without admixture 


0,0012 

os 9,7-10-2 27,0 0,3 
Cc 

5,4-10-1 45, 
“aso 5,0 0 
CHCl, 2,8-10-2 42,0 0,14 
CICH,—CH,.Cl 1,4-10-1 16,5 0,12 
4-40-1 32,0 0,366 


CsH;Cl * 3,4-10-? 8,0 


* Calculated from Cl" only, 


Degree of oxidation 
SS8s 


Degree of reduction 


Fig. 1, Change of oxidation degree Fig. 2, Degree of AgCl reduction 


with time. Space velocity 4000hr-?, on a silver surface by a 3% 

t= 250°. 1) Initial chlorobenzene ethylene-air mixture at t = 200°. 
concentration 1.7-107? vol. %; 2) Chlorine concentration in silver: 

the same, 9.2:107* vol. %; 3) 1) 0.005, 2) 0.01, 3) 0.02 wt. %, 

initial dichloroethane concentration 

3.8°10°? vol. %; 4) the same, The rate of reducing chlorine ions introduced 
5.9107? vol. %, during the preparation of the silver catalyst is consider- 


ably lower than the oxidation rate, By determining the 
rate of reducing in a 3% ethylene-air mixture the silver chloride formed during the oxidation of the organic 
admixture it was shown that this rate is considerably higher than that of reducing the chlorine ions introduced 
into the silver during the preparation from inorganic salt solutions and has nearly the same value as the oxida- 
tion rates of the organic admixtures, In Fig, 2 are shown the kinetic curves found when reducing in a 3% 
ethylene-air mixture three silver samples containing AgCl only on the surface (the chlorine ion contents re- 
ferred to the entire sample were 0.005; 0.01 and 0.02 wt.%). The rate of AgCl removal from the surface 
is proportional to the chlorine ion content, So, at the Cl" content of 0.005% the initial rate in relative units 
is equal to 17.5 and for samples with 0.02% Cl" the rate is lowered by three times, In Fig, 3 the logarithms 
of the initial oxidation rates of organic halide admixtures (CzHClg, CH Cl and C,H,Cl,) and those of the 
initial AgCl reduction (chlorine concentration~0.01 weight %) are plotted versus reciprocal temperature, 
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The difference between the activation energies of organic 
halide admixture oxidation (E = 4-6 kcal/mole) and that of 
AgCl reduction (E =15 kcal/mole) indicates that in the tem- 
perature range 200-230° (at which the catalytic reaction takes 
place) the rate of chlorobenzene oxidation is higher than the 
reduction rate and in this case chlorine ions may accumulate 
on the surface and poison the catalyst. Raising the temperature 
to 240° results in an increased reduction rate and in order to 

te as maintain the required chlorine ion concentration on the surface 
the amount of admixture has to be increased. For dichloroethane, 
which in the temperature range 200- 250° is oxidized with a 
considerably higher rate than is CgH,Cl, the rate of reduction 
surpasses that of oxidation and, therefore, the modifying of the 
silver can be adjusted only by feeding with a definite C,H,Cl, 
concentration, The reduction and oxidation rates may vary for 
various silver samples because the latter may contain different 
amounts of chlorine ions on their surface, For each volatile 
organic admixture the ratio between its oxidation rate and the rate of AgCl reduction determines under which 
circumstances (concentration, temperature) its modifying action gives the highest selectivity in the oxidation 
of ethylene to ethylene oxide, 


Fig, 3. Logarithms of initial rates plotted 
versus reciprocal temperature, 1) CjHCl, 
oxidation, 2) CgHsCl oxidation, 3) 
C,H,Cl, oxidation, 4) reduction of AgCl 
on a silver surface (0.01 weight % Cl 
referred to the weight of the silver) in a 
3% ethylene-air mixture, 
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THE THEORY OF THE THERMALIZATION OF “HOT" 
HYDROGEN ATOMS AND THEIR INFLUENCE ON THE 
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When ionizing radiation interacts with organic compounds, there are formed excited molecules and ex- 
cited ions, a portion of which subsequently decomposes into smaller fragments, such as free radicals, ions, ion- 
radicals and the like, If the reactions whereby the excited molecules or excited ions decompose takes place 
in the gas phase, then it is easy to show from the laws of conservation of energy and of momentum that a portion 
of the energy liberated during such a reaction is converted into kinetic energy of translation of the fragments 
produced. As a result of this the fragments may be “hot", that is, they may acquire kinetic energy considerably 
in excess of the mean energy of thermal movement at the given temperature. If the excited molecule decom- 
poses into fragments with different masses, then the particles with the lowest masses will possess the greatest 
kinetic energy. Thus, as an example, during the radiolysis of alkanes, *hot" alkyl radicals will only be pro- 
duced by rupture of C—C bonds, while rupture of C—H bonds only produces “hot” hydrogen atoms, In this 
article we shall, for the sake of precision, only concern ourselves with hot hydrogen atoms. 


The movement of a hot hydrogen atom through a gaseous hydrocarbon is accompanied by elastic and 
nonelastic collisions between it and the molecules of the gas, during which a portion of the energy of the hot 
atom is lost, Ultimately, the initially hot atom becomes a thermal atom, During nonelastic collision with a 
molecule, the hot atom may produce excitation in this molecule, or initial chemical reaction, As a result of 


this, the presence of hot atoms will change the course of the radiolytic process and affect the yield of the final 
products, 


Since the energy thresholds of chemical reactions are different, the rates at which the reactions initiated 
by hot atoms will proceed will be determined by their energy spectrum at each point in the medium and at each 
moment of time, The determination of the over-all energy distribution may be carried out by solving Boltzmann's 
gas- kinetic equation, but this is a very complex procedure, We have therefore adopted an approximate method 
for this purpose, the so-called energy group method, which is often used in the theory of the retardation and 
thermalization of neutrons[1, 2]. This method consists in describing the course of the hot hydrogen atoms by 
means of a system of equations for the diffusion of various groups of atoms of uniform energy (“monoenergetic 
groups"), in which the atoms may be transferred from groups with higher energy to those with lower. 


1, We shall limit ourselves initially to a two-group approximation and consider only the hot hydrogen 
atom group and the thermal hydrogen atom group. We shall suppose that, with nonelastic collisions with a 
molecule, the hot hydrogen atom causes the appearance of a new radical. This, of course, does not exhaust 
the possible reactions of the hot hydrogen atom with a paraffin molecule, but the essential characteristics of 


4 

| 
4 


radiolysis in the presence of hot atoms may be most simply developed by means of such a mode] as this. We 
note that, owing to the shortness of the lifetime of the hydrogen atom in the “hot state, we may neglect 
collisions between hot hydrogen atoms and the radiolysis products, which will include hydrogen atoms and alkyl 
radicals, Therefore, the equation for the hot atom group will only contain the density of the hot atoms, and 
will thus be linear, Actually, the radiolysis products are appreciably less than the molecules of the starting 
substance, and the retardation of the hot atoms (their transition to the thermal group) takes place on collision 
with any molecules, and their velocity is, in consequence, practically determined by the number of collisions 
with the molecules of the starting substance, In other words, a hot atom, before it would be likely to collide, 
for example, with another hydrogen atom, would be able to undergo a sufficient numbet of collisions with 
molecules of the starting substance to go over into the thermal group, 


The application of the two group method is, in the case which we are considering, equivalent to the 
assumption that the hot and thermal hydrogen atoms are particles of two different species, while the particles 
of one kind are able to undergo transformation into particles of the other, Hence, in the case of nonoverlapping 
tracks, the system of equations for one track, describing diffusion, recombination and the development of free 


radicals of different types, and also the process of thermalization of hot hydrogen atoms, may be written down 
in the following fashion: 


on; 
i=1 


0 
= — Ann + Sry 


m 
= Dy Any — >) ainniny — + (A + An) tr + Su, 


i=] 


where Dj is the diffusion coefficient of radicals of the ith type, ajj is the recombination coefficient of radicals 


of the ith and jth types, Sj is the quantity of radicals of the ith type created in unit time im unit volume of 
track of ionizing particles; Aj is the macroscopic effective section of the formation of the free radical of the 
ith type by the hot hydrogen atom; A is the macroscopic effective section of the collisions of the hot atom 

with the molecules of the gas, accompanying its transition into the thermal group; nj is the density of radicals 
of the ith types; all the magnitudes which refer to the hot hydrogen atom are designated by the index h, and 
all those to the thermal atoms by the index H, The term Ayj Mp) describes the development of thermal hydrogen 
atoms by decomposition of molecules which have been excited by means of the hot hydrogen atoms, Atomic 
hydrogen, because of its great mobility, diffuses rapidly from the track into the surrounding medium, where 

the density of alkyl radicals is small, Hence, the terms ajjynjny may be neglected, The system of Eqs. (1a) 
and (1b) is then independent of Eq, (1c), and we shall consider these two equations only. 


We consider an example, Let hot atoms be formed at a time tg (when the track is initiated) and at 
a point with radius vector r9; while within a sphere of radius R, with its center at the same point, free radicals 
of only one type are produced (so that we can omit the index i), Then S= Q6 (t —t9)n (R — |x — fo] ); 
Sh = q6 (t — to) 6 (© — £9); where Q and q are constants; the value of n (x)= 1 whenx > 0, and 
n(x) = 0 when x <0, Considering the model of a spherical track, this resembles one “bead® of the 
electronic track, In addition, the qualitative yields ought not to depend on the shape of the track, though 
calculation for the case of a spherical track is considerably simpler than, for example, a cylindrical track. 
If we solve the system of Eqs. (1a) and (1b) by the method of successive approximations [3], we obtain 


Eq. (12) given in paper [3] for w=constant, and to a first approximation find that the yield of the dimeric 
product is given by the formula: 


— anttitin 4- Amn + Si, (1a) 
1 ac) 
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The first term in (2) gives the yield of dimeric product in the absence of hot atoms, The second and third 
terms give the additional yield of dimer owing to the effect of the hot hydrogen atoms. A =A+F, where F is 
the macroscopic section of the elastic scattering of the hot hydrogen atoms on the gas molecules, It can be 
seen from Eq, (2) that, for example, the addition of helium atoms would lead to a reduction in the effect of the 
hot hydrogen atoms, since, with increase in A, the two last integrals diminish, while the first integral is in- 
dependent of A. 


A more detailed investigation of formula (2) is in general difficult, Calculations on the basis of this 
formula may be carried out by numerical methods if the values of all the coefficients occurring in it are known, 


2, In the case in which the power of the ionizing radiation dose is so great that the tracks are completely 
overlapping, and the reaction takes place not in these tracks only but in the entire irradiated volume, the group 
equations are greatly simplified, and the use of a multi-group method makes it easy to calculate the yield of 
various chemical reactions produced by the hot atoms, Actually, when there is homogeneous distribution of the 
hot atoms in the system, the diffusion terms vanish, If, under these conditions, we consider the stationary 
distribution of the hot atom which is set up, then all the time-dependent derivatives in the group equations 
reduce to zero, 


We shall use the following notation: nj is the stationary density of the hot atoms with energy Ej (in 
relation to the ith group); N is the number of molecules of the starting substance in unit volume; Sj is the 
number of hot atoms in the ith group created in unit volume and unit time by the ionizing radiation; oj is 

the effective section of elastic scattering of a hot atom of the ith group at a molecule, leading to its transition 
to the (i+1)-th group; oj, and oj, are the total effective sections of all nonelastic collisions of a hot atom 
of the i-th group, leading to its transition to the kth group (where k > 1), or, to absorption, respectively. Then 
the system of group equations can be written thus: 


n il 
N Gin + Fic) N [ +> | + S(liqigm—}); (3a) 


h=itt h=1 
m— 

NOmeMin + + >) »p=N + > + Sin (3b) 
i k=] 


(where np ,, is the density of free radicals of the type 1), Equation (3b) refers to the thermal hydrogen atom, 


x 
+ 3 
a 

= 

2 

; 
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When the algebraic system (3) is solved, it is easy to write the relationship which determines p%, the 
number of elementary acts of the various reactions taking place in unit volume and unit time, For reactions 
of the type H + M, where the hydrogen atom disappeared, we find: 


m 
— N >} (4) 
i=1 


while for reactions which accompany the transition of the hot atom from the ith group to the kth, we may write: 


ofp ni. (5) 
i=] 


If the reaction threshold, E(©) satisfies the inequality Ej, < (od s then all the values of 
and o (a), in Eqs, (4) and (5) for which i> ip — 1 reduce to zero, 


The method here described may be employed also in the investigation of the kinetics of processes which 
take place with the participation of hot molecules, radicals or ions, It may be used in radiochemistry, photo- 
chemistry and thermochemistry, 


In conclusion, we wish to express our sincere thanks to L, S, Polak and N, Ya, Chernyak for their discussion 
of the results of this work, 
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In the last few years a great number of aromatic compounds have been synthesized with various fluorinated 
side-chains, Their physicochemical properties have barely been explored. The purpose of this work was to 
determine the effects of fluorinated substituents on the electron density distribution in a benzene ring and to 
correlate the structure of these compounds with their reactivity by means of nuclear magnetic resonance (n,m,r.), 


Fluorine chemical shifts in monosubstituted fluorobenzenes are measured with reference to the fluorine 
resonance line in unsubstituted fluorobenzene and can be defined by the equation: 


Hy—H 
§ = «108, 


(1) 


TABLE 1 where Hy and H are the external magnetic fields, at 
which the F*® resonance is observed in the substituted aud un- 
substituted fluorobenzene, respectively, The instrument had 
a resolution of approximately 1- 1078, and the chemical shifts 
r<_ could be measured accurately to within + 0.3°10°°, The 
experimenta! samples consisted of pure liquids. We used an 
extemal standard in all of our measurements, The investigated 
Substituent X | 0 m p | 34 samples had an effective volume of approximately 80 mm’, 
while the standard had an approximate 20 mm® volume, No 
corrections were applied for the diamagnetic susceptibilities 
SO:CFs —8,7 | —4,7)—-15,4 of our samples, A 4530 gauss uniform magnetic field was 
SCFs —7,8 |—2,3|—4,7 maintained, The n.m,r, technique and instrumentation have 
+17, 4) —2,3|+2,8 been described in detail elsewhere [1], The measured ring- 
CH=CH—CF, fluorine chemical shifts are listed in Table 1, 


Ring-Fluorine Chemical Shifts in the n.m.r, 


CE. J Any redistribution of the electron densities in a benzene 
No tet ring induced by a substituent will not only affect the fluorine 
CF chemical shift in substituted fluorobenzenes [2] but will also 

F, —8,6 be reflected in the chemical reactivity of these benzene de- 


rivatives [3], The general quantitative relationship between 
the nature of a substituent meta or para to a reaction center 


: 

> 

a 

: 

4 

3s 


and the reactivity of a side chain can be expressed by the well-known Hammett equation [3]: 


k 
Ig ho = op, (2) 


where k and kg are the rate (or equilibrium) constants for the substituted and unsubstituted benzene derivatives 
respectively; p is a constant determined by the conditions and type of reaction, but it also depends on the 
nature of the side chain; o is a constant determined solely by the nature and position of the substituent, An 
approximate empirical relationship has been established [2] between the magnitude of the chemical shift 6 

and the Hammett o-constant, 


6)= — 17,96, + 4,84. (4) 
A further development of the theory of chemical reactivity of benzene derivatives [4] yielded a new, 
more precise quantitative relationship between the 6 and o-functions [5], Taft showed that the effect of a 
substituent on the reactivity of a meta or para-substituted benzene derivative can be expressed as a sum of 
the two independent contributions: from the inductive and the conjugation effects, 


(5) 
55+ (6) 


where a is a constant which depends on the type of reaction [6]. The following quantitative relationship 
between the o and § functions can readily be derived [5]: 


— 5,83 61+ 0,20, 
bp = — 5,836 ;- - 18,800, + 0,80. 


TABLE 2 


Substituent Oj 


OCF; 0,43 0,32 | —0,11 | 0,38] 0,36 |—0,2410,39 | 0,44 
OCHs 0,25(%) | —0,27(%)| —0,52 | 0,10] 0.44%] — | — | — 
SCFs 0,4 0,38. | —0,05 | 0,44] 0,35 | 0,16 |0,39 | 0,53 
SCHs 0,27(%) | 0,01(%)| —0,26 | 0,46] 0,45¢)} — | — | — 
CFs 0,41(°) | 0,54(8)| 0,43 | 0,46] 0,43(8) |0,19 *10,35 */0,56* 
CHs —0,05(*) | —0,17(8)| —0,42 |-0,08/—0,078%)| — | — | — 
0,84 1,0 0,19 | 0,92] 0,79 | 0,58 10,79 
SO.CHs 0,58(%) | 0,72(%)| 0,44 | 0,64] 0,65%)| — | — | — 

0 andi 0,40 

0 


* In these calculations we used the values of 5m=— 2.1 and 5p=-— 5.1 [6]. 


However, in the case of strong electronegative groups (for example, CN, NO», and COCHsg, etc.) the o,)-con- 
stants calculated from chemical shifts by the use of Eqs. (7), (8), and (5) come out considerably greater than 
the standard Op- constants (5, 6], Recently, it has been shown that the standard Op-constants are only valid 


— 5,92 6m: (3) 
(7) 
(8) 
| om %| Om] 
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in cases where there is either no direct conjugation between the para-substituent and the functional group or 
very little of it (6, 7]. If such conjugation does exist we would expect a continuous series of o,-constants for 
the various substituents since the deviation of any one value from the standard op-constant depends on the 
magnitude of the para-conjugation effect. 


Equation (7) has been shown to hold for all the previously investigated groups without exception [5, 6]. 
Using this equation we evaluated the oj-constants for the substituents examined by us (Table 2) while the 
0,,-constants listed in the table were obtained from Eq, (2) by using the pKa values of corresponding substituted 
benzoic acids [10]; we have, of course, assumed that there is very little para-conjugation between the carboxyl 
group and the substituents, The o,~-constants corresponding to these op values were calculated from Eq. (5) and 
are also included in Table 2, Substituents with positive o ¢-constants are meta-directors in electrophilic ring- 
substitution reactions, while those with negative o,-constants are ortho, para-directors [4], Indeed, only the 
meta-substituted product is obtained when the CF, and SO,CF, derivatives of benzene are nitrated; at the same 
time we get 65% para and 35% ortho-substitution in the case of the SCF, derivative, while the OCF; derivative 
gives a 90% yield of the para-nitro compound, The agreement between the o,,-constants computed from Eq. (6) 
and those determined from the dissociation constants of the corresponding benzoic acids is as good as one could 
expect from the Hammett equation, The pK, values of the CHg and OCHgs derivatives of benzoic acid were 
determined in aqueous solutions (a = 0.29 [6]), while those of the remaining derivatives were measured in a 
50% ethanol solution (a = 0.42[6]), Table 2 also includes the n,m,r. o¢-values calculated with the help of 
Eqs, (7) and (8), Since the n.m,r, measurements yield considerably larger values of o¢ for the SO,CFs, CFs, 
and SCF, groups, it seems that the effect of para-conjugation with fluorine is more pronounced than with a 
carboxyl group, On the other hand an OCF; group exhibits less para- conjugation with fluorine than with a 
COOH group, We have also listed in Table 2 the values of o,, and Gp calculated from Eqs, (3) and (4). 


For the sake of comparison, we have also included in Table 2 the o-constants of the corresponding un- 
fluorinated derivatives, In all the cases the introduction of fluorine increases the induction effect of the 
corresponding substituent, When the hydrogens in substituents such as OCH; and SCHs (0, < 0) are replaced 
by fluorine the conjugation between the ring and the group decreases considerably, while in the case of SO,CHg 
(o, > 0) the conjugation slightly increases due to the fact that fluorine pulls away some electrons from the 
oxygen and sulfur atoms. The conjugation effects of the CHg and the CFs groups though similar in magnitude 
are reverse in sign, It seems that in this case a fluorine tends to attract electrons through a o —o interaction 
to about the same extent as the hydrogens tend to repel them, 


To compare the effects of the investigated substituents on the benzene ring with the ones previously 
reported we have tabulated in Tables 3 and 4 the ring- fluorine chemical shifts 5.) and 4 p [2, 6), and the 
o-constants of these substituents [8], The groups were arranged in order of decreasing electronegativities, 
Tables 3 and 4 show that the SO,CF, group is the most electronegative substituent known, As far as their effect 
on the benzene ring is concerned the OCF;, SCF;, and CH =CH —CFs groups resemble halogens, CF, resembles 


CF 

COCH, and CN, resembles OCF;, and resembles CF;, The CH=CH—CFs; group (the vinylog 
2 

of benzy! trifluoride) is less electronegative than a CF; group. A similar relationship exists between the 

CH =CH— COOH and the COOH groups, 


One can also note in Table 3 that there seems to be a relationship between the wavelength of the absorption 
maximum in the visible spectrum of 4'-substituted dimethylaminoazobenzenes (I) [9] and the fluorine chemical 
shift in the corresponding parafluorobenzenes (II), 


(II) 


This relationship apparently results from the fact that the same type of electron displacement is responsible for 
both the fluorine chemical shift (in the para derivative) and the shift in the absorption maximum in the visible 
spectrum, 
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There are two methods for the quantitative determination of heat changes — the calorimetric and the 
thermographic, The calorimetric method requires more complicated equipment and it takes more time for 
the completion of an experiment, but this is compensated by the high accuracy, The thermographic method 
though simpler and more rapid is, on the other hand, less precise. 


The literature lists quite a number of thermographic determinations of heats of fusion [1, 2], heats of 
recombination of frozen free radicals [3], heats of reaction of solid hydrogen peroxide [4], etc., and in no case 
was a determination faced with a shortage of available material, However, in many cases one has to deai with 
very minute samples of material. But microcalorimetric work though extremely precise is at the same time 
very difficult and takes a long time [5]. These methods become even more complex and the accuracy further 
declines when materials are investigated at temperatures below zero, Several attempts have recently been 
made to render the thermographic method more accurate while preserving its basic simplicity and rapidity. 
The work described in this paper represents one such attempt applied to small samples (hundredths of grams) 
at temperatures below 0° C (down to the liquid nitrogen temperature® ), 


The temperature recording part of our apparatus consisted of a copper-constantan thermocouple, a low- 
resistance potentiometer (model PMS- 48) and a rebuilt electronic self-recording potentiometer (model EPp-09) 
with a sensitivity of + 0,07° /mm which was used as a reference instrument. When heat was evolved or ab- 
sorbed temperature was automatically recorded against time on a special graph paper, 


The thermocouple leads were either fused by the short circuit shock method [6] or simply soldered with 
lead, The fused wires were 0.1 mm in diameter; at about 5 cm from the junction these fine wires were soldered 
to some thicker wires, 0.25 mm in diameter, The small dimensions of the wires and of the junction are essential 
for reducing the thermocouple inertia,** 


To get temperatures between — 190° and — 70° and above we built a small cryostat, The cryostat 
made it possible to record the temperatures of our samples as they were heated at a fixed and controllable rate. 
This was achieved by using radiant heat. The apparatus had the following structural features: a test-tube- 
shaped glass vessel was plugged with a ground joint stopper into which two copper wires about 0.6 mm in 
diameter were sealed (Fig. 1, I). 


* The method is not restricted to this temperature range, Very small alterations will permit the recording of 
curves at temperatures above zero, 


** At the same time to prevent the thermocouple from acquiring excessively high resistance we did not use 
fine wire throughout the apparatus, 


a 

a 

: 
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We then wrapped heating wires around a glass tube, placed the tube rigidly on a stopper inside the test 
tube, and connected the wires with the copper wires fused into the ground joint. The heating element consisted 
of a simple 0.2 mm nichrome wire with the successive strands separated from each other by glass wool threads 
and the whole unit was coated with bakelite varnish, The heater had a resistance of about 50 ohms, 


to the 
vacuum 


apparatus 


Fig. 1. The heating apparatus and the 
container used for thermal analysis (1) 
and the cup for the determination of 
heats of fusion (II); the thermocouple 
wires are denoted by T, the heater 
wires byh, andc is a copper foil 
cup. 


TABLE 1 


Experimental Results Obtained from the 
Heating Curve of a Solid Cyclohexane 
Drop in the Region of a Phase Transition 
(ty, ° cal/g (7) 


g, in AHir*g | A, in 
g in cal, |cal/ mm 


0,009 0,009; 
0,019 0,009 
0,022 0,010 
0,027 0,010 
0,045 0,008 


Since the main stopper was hollow inside and could 
accomodate another ground joint, a solid plug into which the 
copper and the constantan thermocouple leads were sealed was 
inserted so as to effectively seal the entire apparatus. The 
thermocouple junction was located inside the hollow shell of 
the heater in such a way that the number of heating coils below 
and above it was the same. The thermocouple wires were en- 
cased in three stoppers, The stoppers had a diameter 1 mm 
smaller than the inside diameter of the heating tube. All three 
stoppers were placed inside the tube to keep the thermocouples 
from coming into contact with the walls, 


When studying any solid state processes accompanied by 
the evolution or absorption of heat we condensed the materials 
directly on the thermocouple junction, Thus the junction would 
be located right in the middle of a spherically shaped solid 
product. The samples weighed from 0,005-0.05 g. For the 
determination of heats of fusion of compounds initially powdered 
which decompose on melting, and in other similar cases, we 
used a special cup made of copper foil (Fig, 1, II), We would 
seal the thermocouple junction to the bottom of the cup so that 
the cup and the thermocouple would constitute one unit, Since 
the copper cup increased the thermocouple inertia the sensitivity 
of our measurements was slightly reduced, Liquid compounds 
were poured into the cup by means of a volumetric pipette cali- 
brated to within 0.005 ml. If the density of the material was 
known the weight could be readily computed; the weight had 
to be known in order to obtain all heat changes per unit weight, 


The material condensed on the junction was weighed by 
melting it into a previously weighed container; these weighings 
were accurate to within 1 9,001 g. Hence, the errors in the 
weights of samples weighing 0,05-0.01 g constituted 2-10% of 
the total weight. When the cup was used the weighings were 
accurate to within + 0.0005 g. Since we also dealt in these 
cases with larger samples (0,01-0.15 g) the relative errors were 
correspondingly smaller (2-0.3%). 


After the material was either condensed on the junction 
or poured into the cup the entire vessel (with the heater wires 
disconnected from the main circuit) was cooled to liquid 


nitrogen temperature and evacuated to a pressure of (1-5) - 10°? mm Hg. At this low pressure the thermal con- 
ductivity of the air inside the test tube was reduced to such an extent that the exchange of heat between the 
liquid nitrogen and the sample became very slow,reducing substantially the heat losses from the sample during 
the evolution or absorption of heat, After the vessel was evacuated a 0.15 amp current was sent through the 
heating coil, A current of this magnitude allowed for even heating and a steady rate of temperature increase 
over a temperature range of about 100° C, Since the samples had no contact with the heater they received 
only radiant heat. This also reduced heat losses during the evolution or absorption of heat, Hence, whenever 
a process accompanied by a heat change occurred in the sample most of the evolved or absorbed heat would 
be conducted through the thermocouple and duly recorded by our instruments, 


| 1 | 
c 
| 
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TABLE 2 


The instrument was calibrated under similar conditions (of heating current, pressure, temperature, and 
amount of refrigerant) by using compounds with known heat changes taking place at various points of our tem- 
perature scale, From the ratio of heat evolved (or absorbed) to the length of the plateau on the heating curves 
of known compounds we can construct a calibration curve of temperature versus calories per millimeter. Using 
this curve together with the experimentally determined length of the plateau on the heating curve of the in- 
vestigated compound and the sample weight we can calculate the unknown heat change from the equation: 


where g, is the weight of the investigated compound (in grams); AH, is the heat change (in cal/g); L, is the 
length of the plateau (in mm); A is a conversion factor determined from the calibration curve (in cal/mm) at 
the temperature at which heat is evolved or absorbed, 


Experimental Results Obtained from the Heating Curves of 
Samples Placed in the Cup 


(1) 


Compound 


g, in 
8 


j 
mm 


A, in 
cal/mm 


oni) g 
—87.06 


n-Hexane 
= 36,1 
cal/g at 


n-Heptane 
(AH¢ = 33.5 
cal/g at 
— 90.6°[8]). 


Toluene 
(AH¢ = 17.2 
cal/g at 


— 95.35 °[8)) 


— 94.99°[8]). 


0,0325 
0,0450 


0,0149 
0,0324 
Q,0380 
0,0487 


0 ,0194 
0,0278 
0,0427 
0,0575 


0,0309 
0,0488 
0,0515 
0,0602 


32 
41 


The factor A can also be determined without a calibration curve. If the investigated heat change occurs 
at a temperature t_ then it is sufficient to record the melting curve of any compound which melts at a tem- 
perature close tot andthe AH¢ 4 of which is known, Then, 


where AHy , is the heat of fusion of compound a (in cal/g), gq is its weight (g), and L, is the length of the 
plateau on the melting curve of the compound ‘(in mm), 


We condensed a cyclohexane drop on the thermocouple junction and studied the heat changes accompany- 
ing solid phase transitions (transition temperature — 87,06° [7]), The cyclohexane samples ranged in weight 


0,020 
0,024 


0,0205+ 
+0,0005 
0,020 
0,022 
0,022 
0,022 
0,0215+ 
+0,0015 
0,020 
0,020 
0,022 
0,022 


0,021+0,001 
0,020 
0,020; 


0,021 
0,022 


0,021+0,001 


(2) 


Nes. | | in cal. 

2 0,86 

3 

0,54 | 27 

1,16 | 52 3 

1,37 | 63 

1,76 | 78 

0,65 | 32,5 

0,94 | 48 

1,44 | 64 

14:92 | 85 

0,86 | 42 : 

0,90 | 43 

1,03 | 47 
AH | 
A = ’ 
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from 0,009 to 0,045 g. Since the transition temperature is known (19,14 cal/g[7J) it is easy to see that we 
were dealing in our samples with heat changes of the order of 0.2 to 0.9 cal (Table 1), The value of A was 
about the same in each experiment and averaged 0.0095 + 0.0015 cal/mm, Consequently, it is possible to 
measure heat changes of 0,1-0.2 cal in our apparatus with an error of 10-15%, 


All these data, of course, pertain to experiments where a 0,15 amp heating current was used, If the 
current is changed the heating rate of the material will change and consequently the plateau will have a 
different length, 


The cup was used to study the heat change associated with the solid phase transition of the same cyclo- 
hexane and for the determination of the heats of fusion of n-hexane, n-heptane, and toluene, The sample 
weights ranged from 0,015 to 0,15 g. The results are tabulated in Table 2. In all these cases the precision 
was about 0.021 + 0.001 cal/mm. We carried out 2-3 measurements on each sample to make sure that the 
plateau lengths and temperatures were reproducible, 


TABLE 3 
Thermographically Determined Heats of Fusion 


Compound) in h *g,/Laq in | from from 
"8 | mm |cal/g a /mm | melting | literature 
[8] Grom curves | data 


Table 2) (8) 
Toluene (x) |0,0515] 43 33,5 0,024 
n-Hexane (a)}0 ,049 | 42 18,0 
0,034 | 26 17,6 


417,720,3 
n-Hexane (x) |0,038 | 63 17,2 0,021 |34,8 
Toluene (a) |0,032 | 52 34,1 
37,8 


35,642 


n-Heptane(x}0,0575| 85 17,2 0,021 {35,2 
Toluene (a) |0,043 | 64 36,2 
0,028 | 48 31,5 
0,0 5 31,0 


33,542,51 33,5 


Using Eq. (1) we computed the heats of fusion of toluene, n-hexane, and n-heptane, all of which melt 
very close together, Toluene was taken as the known reference compound a with a known heat of fusion, 
The heat of fusion of toluene was in turn calculated by using n-hexane as the reference compound a, Table 3 
shows that the differences between our results and the literature data lie within the range of experimental 
errors, The experimental errors were in all cases < 10%, Thus, the described method is quite adequate for 
the determination of heat changes accompanying any physicochemical transitions, At the same time samples: 
weighing only a tenth or a hundredth of a gram can be used and heat changes on the order of tenths of a calorie 
can be determined with a 10% accuracy, 
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The current theory of adsorption equilibria is based on the presumed existence of adsorption complexes 
[1, 2]. To fully solve the problems connected with adsorption it is important that we not only be able to cal- 
culate the potential energy curves [3] and obtain the infrared spectra of the components involved [4], but also 
determine the thermodynamic properties of adsorption systems, particularly their heat capacities. A quantitative 
evaluation of entropies requires knowledge of heat capacities at low temperatures. These have only been deter- 
mined for very few simple systems [5]. However, the study of heat capacities of adsorption systems at ordinary 
temperatures and for various degrees of surface covering is also very interesting since the heat capacity is fre- 
quently very sensitive to changes in the state of matter. On top of that, heat capacity measurements will 
provide information about the change in the heat of adsorption with temperature. 


The dependence of heat capacity on the degree of surface covering has only been studied at ordinary 
temperatures in the case of water adsorbed on porous crystals [6], and it has been found that the heat capacity 
gradually declines below about 30 cal/mole- °C with increasing surface coverage, However, the mean molar 
heat capacities reported in [6] were not very accurately determined, with errors ranging from 2-20%, Since we 


wanted to determine the heat capacities at low concentrations of adsorbate, it was necessary to construct a very 
sensitive and reliable calorimeter, 


The reference method [7] for the precise determination of heat capacity changes in either liquids or solids 
requires no knowledge of the amount of heat introduced into the system or of the accompanying temperature 
changes; as a result a constant error is usually introduced into the measured heat capacity. The method [7], 
however, combines the advantages of a differential calorimeter [9] with those of steady heating [8], Essentially, 
it involves the equalization of the heating rates of two materials, one with a known heat capacity C, and the 
other with an unknown Cy. The two substances are heated under adiabatic conditions by means of heaters Ry 


and R,, respectively (Fig. 1a), By varying the resistance of either Ri or R we can achieve equal heating rates 
when 


Wi/ We = CilCa, (1) 


where W, and W, are the respective power outputs of the two heaters. It follows from Eq. (1) that, 
Cy Ca 
(1 + Ri/R,)? = Re (1 + R2/R;)?. (2) 


If the condition demanded by Eq, (1) is not satisfied a temperature gradient will arise between the two sub- 
stances, By varying R4 we can render this gradient very small. 
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The calorimeter (Fig. 1) consisted of a partitioned copper container containing adsorbent 1 with a total 
heat capacity C, and a large heavy brass cylinder 2 with a heat capacity Cy. Temperature gradients between 
the container and the insulating mantle were immediately detected by means of four spiral batteries of copper 
— constantan thermocouples 3 [10]; each battery contained 1000 junctions and had a sensitivity of 107° °C. 
Cylinder 2 served both as a reference material C, and as an adiabatic mantle for the container 1, 


The calorimeter was placed inside air chamber 4 which was maintained at the same temperature as the 
mantle by means of a similar set of thermocouples 5 and a heater 6. The optimum heating rate was found to 
be 4 ° C/hr. In all of our experiments, we varied only R4, i.e., the heating rate of the brass mantle Cy, since 
it acquired a constant temperature distribution more rapidly, The container with the adsorber was a poor con- 
ductor and hence to maintain a constant temperature distribution the current had to be maintained very steady 


by means of a PPTN potentiometer (which was attached at points a and b) and a resistance box 8 connected 
in parallel with the reference resistance 7. 


Wa 7 220. 


To the adsorption apparatus 


| 


27 27 


Fig. 1. a) A schematic drawing of the calorimeter and b) some curves of R} 
vs, temperature, 


To find the unknown heat capacity C2 from Eq. (2) we have to evaluate the C,/R, ratio, To obtain the 
latter we first calibrated the calorimeter by using compounds of known heat capacities. The C,/Ry ratios 
obtained with various amounts of mercury were verified by measuring the heat capacity of KCl; we get 

0.1621 cal/mole+ °C for the latter while the literature value is 0.1623 + 0.0006 [11]. Before beginning 


the main experiment, the determination of the heat capacity of the adsorption system, we recalibrated the 
calorimeter with water at temperatures between 25 and 30° C. 


The values of R4 obtained in four such experiments are shown in Fig, 1b. R% was not varied, From the 


values of Ry and R, we determined C,/R, as a function of temperature by using Eq, (2), Subsequent deter- 
minations were done at 27° C, 


For our first project we chose an adsorbent with a large specific surface — microporous silica gel No, 8 
[12], and a material strongly adsorbed on hydrated silica — water, A 53,56 g sample of silica gel was placed 
inside container 1 and pumped on for 45 hours at 110° C, Silica gel has a heat capacity Cs = 0.206 cal/g- ° C; 

that this value exceeds that of quartz by 10% [3] is not surprising if one considers the random orientation of particles 
which constitute the loose silica ge] network and also the surface hydration, The water vapor adsorbed on silica 


a 
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gel was introduced into the container by means of a vacuum microburette [14], After each adsorption (or de- 
sorption) interval the system was allowed to equilibrate (with small fractions of surface covered,24 hours, with 
large,10-12 hours), the equilibrium relative water vapor pressure p/p, was determined, and the heat was turned 


on, 


cal/degree 


7 
/ 
+ 


4 8 mmole 


a 


Fig. 2, Changes produced in the heat capacity c of the 
calorimeter system by the adsorption of water vapor a. 

1) c asa function of a; Il) ¢ asa function of p/p,; Ill) 
adsorption isotherm, 1 and 2 represent two sets of experi- 
ments, The solid markings represent desorption, 


cal/ mole + degree 


0.62 10 #2 mmole/g 


Fig. 3, The heat capacity of adsorbed water 


as a function of the fraction of surface covered. 


a) Mean molar heat capacity C,,; b) ad- 
sorption isotherm; c) differential molar heat 
capacity ca. 


We could thus measure simultaneously the specific 
heat as a function of the amount of adsorbed material a 
and of the ratio p/p, and consequently determine the 
adsorption isotherm, Errors introduced by the absorption 


cal/ mole + degree 


7 


400 700 atm 


~— 


Fig. 4, Heat capacity of water 
as a function of pressure, The 
dotted portion of the curve was 
obtained from data in Fig, 3a 
and b, while the solid line is 
reproduced from [17]. 
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of the desorption heat during the heating did not exceed 1% of the heat capacity. The total specific heat of 
the container, adsorber, and adsorbate could be determined with an error of only 0.05%. 


In Fig. 2 we have plotted the heat capacity of the container plus silica gel and adsorbed water (c) as a 
function of a and p/p,, and we also included the adsorption isotherm, The heat capacity of our system exceeds 
the sum of the individual capacities of silica gel and liquid water, The heat capacity isotherm is reversible 


to a certain point,then it has a hysteresis higher up which resembles the hysteresis observed on the adsorption 
isotherm, 


In Fig. 3a, we have plotted the mean molar heat capacity of adsorbed water Cp, = (cg — Cc — c,)/a as 
a function of the fraction of surface covered a; Cc, is the heat capacity of the container (17,636 cal/ °C and 
Cc, that of the silica gel (11,154 cal/° C). We assumed that c, was independent of a, or in other words, that 
the difference between the heat capacity of the adsorption system and that of dry silica gel c, plus normal 
liquid water (cj =18 a cal/°C) was due exclusively to the changed heat capacity of water. 


Figure 3a shows that (just as has previously been observed [6]) Crp is everywhere greater than 18, and 
that with increasing a the heat capacity declines, at first very rapidly then gradually and upon saturation 
becomes almost equal to 18 (the heat capacity of liquid water), This behavior is connected with the complex 


dc 


creasing a this function passes through a negative minimum; integration of the functionc, = f (a) yields a 


value close to 18 cal/mole- ° C, indicating that when p/p, =1 the water in the pores is in a state very close 
to that of normal liquid water, 


relationship between a and the differential heat capacity of adsorbed water, cg = 


For the sake of comparison, we have also plotted the adsorption isotherms (Fig. 3b and 2, III), Since the 
heat capacity hysteresis was apparently connected with the capillary-condensation hysteresis, it seemed worth- 
while to check if the increase in ¢,,, which accompanies the decline in p/p, (or a) could not have been the 
result of some changes in the negative pressure P which the concave menisci at the mouth of each pore (in the 
silica gel grains) exert on the liquid inside (15). 

Ap RT Inp/p, 

Figures 2 Ill and 3b give the valuesof P=, = yaa eae [16], where Ay is the change in 
partial molar free energy, and v,, is the molar value of the liquid (assumed to be independent of P). In 
Fig. 4 we have plotted Gs as a function of P. In this case the adsorption and desorption points fall on the 
same curve, This portion of the curve, which gives the heat capacity as a function of liquid expansion, can 
be extended by using the data given in [17] to give a curve representing heat capacity as a function of liquid 


compression, 


Thus, the heat capacity measurements show that under our experimental conditions the adsorbate exists 
in the pores in the form of a strongly expanded liquid.° We would like to point out that capillary condensation 
makes it possible to measure the heat capacity of a liquid under high negative pressures, 


The large C,, at low a seems to be due to a great degree of vibrational freedom and extensive migration 
of water molecules in the adsorption complexes formed on the surface of silica gel. 


The authors express their gratitude to N, N, Avgul’ and 1, A, Lygin for their interest in the work and 
assistance rendered toward its completion, 
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The inadequate understanding of the interatomic forces operating in the transition metal beryllides, the 
contradictory theories of various workers [1, 2], and the great importance which beryllium alloys have assumed 


in modern technology [3], all combine to make a thorough study of these compounds a very practical and interest- 
ing problem, 


The current work was devoted to the investigation of the fine structure in the x-ray absorption and emission 
spectra of the transition metal in titanium beryllides, The phase diagram of the Ti— Be system has only been 
examined very superficially, which makes the available data highly questionable in many respects. According 
to Ehrlich [4] at low Be concentrations (up to 9,1 at. %) solid substitution solutions are formed in titanium 
which possess a hexagonal crystal lattice very similar to that of pure titanium, Single-phase regions were also 
observed in alloys containing about 43 and 66 at. % Be, Ehrlich was unable to establish the crystal structure 
of the first one of the two, The second one corresponds in composition to the intermetallic compound TiBes, 
which according to Misch [5] is isomorphous with MgCug and is related to the so-called Laves phases [6], It 
forms a complex cubic lattice (c/a =6,.42) with 24 atoms in a unit cell which can be represented as two inter- 
laced subcells, one of only titanium, the other of beryllium atoms, The beryllium atoms are located at the 
junctions of the tetrahedra which are interconnected through their apices. Each Be is surrounded by six Ti 
atoms so that the total coordination number of beryllium is 12, Each titanium atom is surrounded by four like 
atoms and by 12 Be atoms at a slightly greater distance, Hence, the total coordination number of titanium is 
16, The phase composition of alloys containing large amounts of Be (more than 80%) is extremely complex. 
There are some indications that entirely new intermetallic compounds may be formed, According to Rauechle 
[7] one of these has the formula TiBey,, On the other hand, the data of P. I, Kripyakevich and E, 1, Gladyshevskii* 
indicate that a compound of the composition Ti,Be,7 is formed. This compound has a structure of the Th,Zn, 
type and resembles structurally ThMn,, to which according to [7] the structure of TiBey, is also related. 


In the present work we examined the x-ray spectra of two well established and thoroughly investigated 
phases with compositions close to the intermetallic compounds of the TiBe and TiBe, type, For the samples, 
which were prepared at the Institute of Metalloceramics and Special Alloys of the Academy of Sciences 
Ukrainian SSR, we are deeply indebted to G, V. Samsonov. Both alloys were made by sintering a mixture of 
titanium metal and beryllium, The two components were combined together at the proper ratio, mixed 
thoroughly for 2 hours, passed through a sieve, and compressed into ingots at a pressure of 1000 kg/cm*, The 


* Private communication, 


4 

: 


resulting ingots were placed into a quartz cylinder inside a resistance furnace and maintained for one hour in 
an atmosphere of argon at 1200° C, A control chemical analysis of the sintered material indicated that the 
actual concentration of beryllium was in good agreement with the calculated, In Table 1 we have listed the 
concentrations of impurities detected by optical spectroscopy in the original titanium and in the alloys. 


We checked the structure of our alloys by comparing 
TABLE 1 
their x-ray diffraction patterns with the corresponding 
literature data [4]. 


The apparatus and the experimental technique used 

in our x-ray spectroscopic study have been described else- 
Timet 0,04 where [8, 9]. We investigated the fine structure in both 
TiBe, eo "00: the absorption spectra and the fluorescence spectra of 
titanium, In the first case most satisfactory spectra were 
obtained when a 15 kv 40 ma current was used for 4-6 
hours; in the second case, where we studied the fine 
structure of the K8g emission line of titanium, a 20-40 
hour exposure at15 kv and 70 pa yielded best results, 
Under these experimental conditions no substantial re- 
absorption effects were observed in the fluorescence spectra, 
In working with the absorption spectra, we used a gold anode, 
while a chromium anode was used for the fluorescence 
spectra, The absorption spectra of titanium in the beryllides 
were recorded on samples in which the absorbing atom had 
a density of 5 ml/cm*, After determining photometrically 
the intensities at various sites of the spectrum and averaging 
corresponding values we plotted the relative absorption co- 
efficients as a function of the energy (in ev ) of x-ray 
quanta, The energies could be determined with an accuracy 
of 0.2 ev, 


In Fig. 1 we have placed the absorption and emission 
spectra of pure titanium metal below the corresponding 
spectra (first order reflections) of the same element in 
beryllides of the TiBe and the TiBe, composition, The 
zero on the energy scale was chosen to coincide with the 
maximum of the K8, emission band in titanium metal. 

It is apparent that in beryllide alloys the KB emission 

band and the K absorption edge of titanium are both shifted 
Fig. 1. X-ray K absorption spectra and KB, toward shorted wavelengths, with the shift being different 
emission bands of titanium: 1) in pure for the K8,-band and individual points on the absorption 
metal; 2) in TiBe; 3) in TiBe,, edge, The extent of this shift is tabulated in Table 2, 

Because the emission band is shifted toward shorter wave- 
lengths by more than three times as much as in the first absorption edge, the short-wave tail of the emission 
band and the absorption edge of titanium overlap much more in the spectra of beryllides than they do in the 
spectrum of pure titanium metal; moreover the distance between the K8,-band maximum and point m ip the 
absorption spectrum is appreciably reduced in the alloys, It has also been found that the KB, emission band of 
titanium becomes much wider in beryllides and that its asymmetry increases; at the same time there are some 
noticeable changes in the relative intensities of various portions of the main absorption edge of titanium which 
are connected with transitions of the 1s" electrons (of the metal) into various zones of common 3d and 4sp 
energy bands in the alloy, The energy of the absorption maximum A increases appreciably (approximately 
5 ev) in beryllides; this maximum arises from the transition of a photoelectron into a hybridized energy band 
(of the alloy) with a predominant p-symmetry, It is quite probable that the remarkable increase in the 
energy of the 4p state of titanium observed in the alloys results from the 5% shortening of the Ti- Ti distance 
(the distance in the beryllides is 0,15 A shorter than in pure metal), The shift of point A in the absorption 
spectra of these titanium alloys is also accompanied by a general increase in the width of the observed K-edge. 
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In sharp contrast with all these changes the position and the shape of the K absorption edge in the region of 
initial absorption (from the beginning of the K-edge to position m), which is currently believed to be connected 
with the transition of a K-electron into an unfilled part of a hybridized 3d energy band of titanium, remains 
practically the same in the beryllides as in the metal, Point m is only slightly shifted (0,.5-0.8 ev) toward 
shorter wavelengths, and the absorption maximum is somewhat less intense in the diberyllide, This last ob- 
servation can probably be explained by the fact that the dsp energy levels of titanium and beryllium in this 
alloy overlap much less than they do in alloys containing less beryllium and consequently the probability for 

a photoelectron transition into the region of common energy bandsis decreased, Judging from the position of 
the long-wave maximum on the investigated edges, the degree of screening produced by the 3d electrons on 
titanium nuclei seems to be no different in either beryllide from what it is in the pure metal, so that it is im- 
possible to assume that the valence shell electrons of beryllium penetrate the 3d orbital of the transition metal 


TABLE 2 


Relative position on the energy scale, ev 
K8,5 max. point m point A 
Metal 0 6.7 + 0.2 17.8 + 0.5 
TiBe 3.84 0.2 7.5 + 0.2 23.0 + 0.3 
TiBe, 3.8 + 0,2 1.2 t 0.2 22.6 + 0.3 


when these alloys are formed, On the contrary, all of the observations pertaining to the fine structure of the 
x-ray spectra of titanium in these alloys together with the physical properties of these alloys are in full accord 
with the relative electronegativities of titanium and beryllium and indicate that the best interpretation has to 
assume true metallic bonding and common sharing of the valence shell electrons of both components of the alloy. 
At the same time there seems to be very little donor — acceptor type interaction between the 2s electrons of 
beryllium and the 3d electrons of titanium. 
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Some recent work on the proton relaxation time in aqueous solutions exposed to ionizing radiation has 
shown that the relaxation times in such solutions become shorter than they were in nonirradiated solutions, 
Thomas and Duffy [1] have found that the proton relaxation time T, in water containing 20% tritium is reduced 
to one-third its normal value. Vdovenko and Shcherbakov [2] made similar observations in various aqueous 
solutions irradiated by means of an external or internal 6, y-ray source, They concluded that the radiolysis of 
the investigated solutions gives rise to paramagnetic particles, which instead of disappearing as soon as irradiation 
ceases persist for a considerable length of time. While studying the thermal decomposition of hydrogen peroxide 
Dekabrun and Purmal' [3] also detected a shortening in the proton relaxation time and attributed the effect to 


the accumulation of a great amount of HO- and HO, free radicals, the paramagnetism of which interferes with 
the relaxation time (T,) of the solution protons, 


It is a well-known fact [4] that H,O, undergoes a rapid decomposition when exposed to ultraviolet radiation 
and that the photochemically induced chain reaction yields a great number of free radicals, Hence, in view of 
what has been discussed above the study of proton relaxation in such a system seemed worthwhile, The first 
results of our work in this field are reported in this communication. 


The method used in this work has been described before [2], Standardized manganese sulfate solutions 
were used for the determination and calibration of the amplification of our apparatus, Measurements were done 
on the linear portion of the calibration curve (from 0.1-1074 to 4.0-10°4M Mn*), Chemically pure H,O, 
was used in all experiments, The reagent was concentrated by distilling the 30% hydrogen peroxide under a 
15-20 mm pressure in a quartz apparatus fitted with a fractionation column, The exact concentration was deter- 
mined by titration with a standardized permanganate solution, A PRK-2 tube without filters served as a radiation 
source, Experiments were done at room temperature in sealed quartz tubes. 


As in the case of thermal decomposition one would expect a decrease in T, when H,Oz is exposed to 
ultraviolet radiation, And indeed, this was noted even in the preliminary experiments, In Fig. 1, we have 
plotted several curves showing the growth of the signal (the signal ratio between irradiated and nonirradiated 
solutions) as a function of radiation time at various concentrations of hydrogen peroxide, All the curves are 
of the same type and resemble what is known as a “saturation” curve, 


Figure 2 shows a, which represents the “saturation® level on the curves in Fig. 1, as a function of H,O, 
concentration, The curve shows that the effect can be observed over a wide range of concentrations and that 
its intensity (a) behaves in a very distinct manner, The signals were measured both immediately after irradiation 


Yar 


as well as after a time interval required to transfer the sealed tube from the radiation source to the generator 
loop (5-10 sec), Since free radicals usually have very short half-lives, one would think that if the signal were 
partially or entirely caused by the paramagnetism of free radicals, it would sharply decline soon after irradiation 
is stopped. As can be seen in Fig, 3a nothing of the sort was observed; instead, the products responsible for the 
shortened T, do not disappear at once but over an extended period of time, Even if we did have some free © 
radicals left in the irradiated peroxide the apparatus failed to detect any signal changes directly attributable to 
an increased number of paramagnetic particles (represented by these same free radicals), Since our apparatus 
could only detect concentrations exceeding 0.1+1074 M (the sensitivity was checked with standardized Mu** 
solutions), the concentration of free radicals had to be less than 1.2-10"* M_ if we assume an effective magnetic 


moment iy = 1.78 (where 6 is the Bohr magneton ; the value was estimated by following the procedure 
described in 


0 2 4 Wt. % 

Fig, 2 


Thus the detected effect was not caused by the free radicals themselves but by some other products 
whose origin could be traced to these radicals. It has actually been found that if a small amount of acrylonitrile 
(which is polymerized by free radicals and thus removes them effectively from solution) is introduced into the 
peroxide solution before irradiation the relaxation time is still reduced, 


Experiments involving the thermal decomposition of 
H,0z (30 %) have shown that the relaxation time is shortened 
much more than in the case of the photochemical reaction 
induced by ultraviolet radiation, It is noteworthy that a 
subsequent drop in temperature (back to the initial) did not 
restore the initial value of the signal, The manner in which 
the signal disappears (Fig. 3b) indicates a certain common 
character in all these effects, 


Mechanical agitation of the irradiated peroxide (such 
as stirring at various rates) reduced the signal at a rate deter- 
a te mined by the vigor of the agitation; this effect was observed 
over the entire range of concentrations studied by us, At 
Fig. 3, Decline in signal intensity with time: the same time bubbles of the oxygen formed in the photolysis 
a) after irradiation is stopped; b) in the case were evolved, When we calculated the amount of O, needed 
of thermal decomposition, H,O, concentration to account for the observed time T, in the irradiated H,O, 
was the same in both cases, we found that the investigated solutions had to be strongly 
supersaturated with oxygen, In solutions of average peroxide 
concentration supersaturation could lead to oxygen concentrations 10-20 times the amount dissolved on exposure 


to air at a pressure of one atmosphere; in the thermal dissociation experiments the supersaturation was even 
greater (30-50 times). 


These estimates were based on the assumptions that the jy of O, in HzO, was the same as in water 
(1.2 6 [6}) and that the solubility of oxygen in HO, solutions was also the same as in water, Considering that 
the peroxide solutions are more dense than water the figures given above are probably too low (may have to be 
increased by a factor of 1.5-2). It is interesting to note that at high H,O, concentrations (70-80%) the heavy 
evolution of oxygen was not initially accompanied by any noticeable decrease of the signal intensity, 
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All of our experimental results could be readily explained by attributing the observed effects to the 
dissolved O,, The curves in Fig, 1 would then owe their shape to the supersaturation limits under various con- 
ditions, The beginning and the end of the curve shown in Fig, 2 could be attributed to two opposing effects: 
increasing quantity of oxygen evolved with increasing peroxide concentration and a declining supersaturation 
level at higher concentrations, However, the curves shown in Fig. 3 seem to indicate the existence of two 
reactions proceeding at different rates, Right after the irradiation is stopped one notes a sharp decline in signal 
intensity; subsequently the signal decreases at a moderate rate and disappears entirely after 15-20 hours, Ob- 
servations are somewhat different in the case of the thermal decomposition of peroxides, It is quite probable 
that the observed phenomena can not be wholly attributed to the removal of oxygen from solution, 


The authors are very grateful to Yu. V. Gurikov for his valuable comments and advice, 
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According to several recent theories there is a definite relationship between the catalytic and electronic 
properties of semiconductor catalysts [1-13], In most of the earlier investigations attempts were made to 
correlate the catalytic activities of various compounds with their electronic properties, which were regulated 
by varying the stoichiometry or by adding impurities, Considerably less work has been devoted to the investiga- 
tion of changes produced in the electronic properties of semiconductor catalysts during the catalytic process 
itself. Among the workers in the field of semiconductor catalysis there is still no consensus of opinion as to 
whether the reaction itself produces any reversible changes in electronic properties of the catalyst, 


According to a general theory developed by one of the 
MnO: |_| Mn0z authors [14] the catalyzed reaction induces a reversible excited 
r) state in the catalyst, Several workers have reported observing 
[9] a striking increase in the electrical conductance of a 
catalyst during a reaction, Their effect, however, was 
connected with certain macrochemical changes produced in 
the samples, Lyashenko and Stepko [12, 13] have found that 
I 


the electrical conductance of their catalyst (a CuO film) 
increased in the course of a reaction carried out under con- 


Fig, 1, Circuit diagrams of the apparatus ditions precluding any macrochemical changes. In the pre- 
used for the determination of the electrical sent work we have undertaken a quantitative study of these 
conductance of MnO», effects. 


For our study we selected MnO, (a catalyst for the oxidation of CO), since it does not undergo any 
macrochemical changes in the temperature range used in this work (60-140° C), The experiments were carried 
out in a vacuum apparatus with automatically regulated pressure; the reactants flowing through the system were 
recycled after CO, was removed by condensation, The catalyst consisted of electrolytic finely dispersed MnO, 
with a specific surface of 150 m?/ g compressed into a pellet (P = 2,5 tons/em*, d=9 mm, 1 =13 mm), The 
temperature was measured with a chromel-alumel thermocouple which was attached to the side of the pellet 
by means of a Teflonclamp. In exactly the same way we attached 4 golden contact electrodes for the deter- 
mination of electrical conductance. Two types of circuits were used in our measurements (Fig, 1); these yielded 
either Rspec OF Ray- MnO, (the resistance of the surface layer), Our work showed that Ray- MnO, has the same 
value during the reaction as it does when the reactants are simply adsorbed on the catalyst, Measurements of 
the Hall effect and of the thermoelectric potential indicated that MnO, is a P-type semiconductor.* The sample 


* Measurements were carried out by T. 1, Kolomenskaya at the Institute of Physics, Academy of Sciences of the 
USSR, 
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had a specific resistance ranging from 0.8 - 2.2°10° ohmecm. 


The preliminary treatment of the samples can be subdivided into two stages, The catalytic activity is 
very low at first, but it increases after each successive experiment, A sample used in the reaction would have 
the same electrical conductance as it normally has in vacuo, It is noteworthy that under these conditions the 
oxygen present in the reaction mixture affected the electrical conductance of the sample only during the 
reaction whereas normally the adsorption of Og greatly decreases the conductance of a sample, This observation 
can either be explained by the absence of adsorbed oxygen (adsorption of CO or CO, does not alter the electrical 
conductance relative to the value in vacuo) or by assuming that at every temperature and pressure the drop in 
conductance caused by the adsorption of oxygen is compensated by an equivalent increase produced by the reac- 
tion, The latter case seems very unlikely, The second stage is characterized by the constant level of catalytic 
activity under standard processing conditions, namely half an hour of heating under oxygen and half an hour of 
pumping at 200°C, The specific effects of O2,, CO, and CO, adsorption and of the reaction on the electrical 
conductance are shown in Fig. 2, The data given in Fig, 2 indicate that the electrical conductance in the 
course of the reaction greatly exceeds the conductance of the same sample in vacuo, This change o is rever- 
sible; it appears when the reaction mixture is introduced into the system and disappears completely when the 
mixture is rapidly pumped out. Under the influence of oxygen the electrical conductance decreases considerably, 
while the adsorption of CO produces a very insignificant increase, The sample had the same electrical con- 
ductance activation energy during the reaction as it did in vacuo (2-3 kcal/mole in different sets of experi- 
ments), This indicates that no new levels are formed during the reaction; instead, the effective occupancy of 
some upper levels already present in vacuo is increased, 


0? Evac = = 2 keal/mole Hg/min 


kcal/mole 


a 

46-10" 
Fig. 2, Variation in the electrical conductance Fig. 3. The increase in the electrical 
of MnO, with temperature, a) In oxygen; b) conductance of MnO, (relative to the 
in vacuo; c) in carbon monoxide; d) in value in vacuo) as a function of 
carbon dioxide; e) in the course of reaction, reaction rate at various temperatures, 
Stoichiometric mixtures were used in all 
reactions: 1) 10 mm; 2) 20mm; 3) 45 mm; In Fig, 3 we have plotted A o against w 
4) 85 mm, (rate in arbitrary units) at various temperatures 


and the ratio w/A o against reciprocal tem- 
perature (A o is the difference between the electrical conductance during the reaction and the value in vacuo). 
The Ao/w ratio gives the extent by which the catalyst deviates from the thermodynamic equilibrium state 
under the influence of the reaction, As the temperature increases so does the rate of energy dissipation processes 
which lead to the establishment of a thermodynamic equilibrium state,and the Ao/w ratio declines accordingly, 
Only mixtures in which the CO content was between 30% and 80% gave reactions with A o linearly dependent 
on w; moreover as the oxygen content of the mixtures was increased Ao/w decreased rapidly making the 
determination of A o very difficult in mixtures strongly diluted with oxygen, The decreased Ao /w_ in experi- 
ments involving oxygen-rich mixtures is not connected with the adsorption of oxygen, since the extrapolation 
of the o vs. w line gives Oya for w=0, whereas normally the electrical conductance is appreciably reduced 
even at very low Og pressures (few hundredths of mm Hg) and results in saturation at 0,1-1 mm, In mixtures 
with a large excess of CO the relationship between w and Ao becomes very complex. 
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Thus our work has clearly demonstrated that a semiconductor catalyst (MnO,) remains in an electronically 
excited state during a catalytic reaction (CO + O,), or in other words the catalyst does not remain in a state of 
thermodynamic equilibrium, Under any set of conditions a definite relationship exists between the reaction . 
rate and the extent of deviation from the equilibrium state, During the oxidation of CO on MnO, no oxygen 
adsorption is observed. 


The authors wish to thank B. P. Bruns for kindly providing us with samples of electrolytic manganese 
dioxide, 
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The effects of tetraalkylammonium salts on the electrode processes have already been studied by Frumkin 
and co-workers [1-3], The strong adsorption of these cations on a mercury electrode helped explain some of 


the results obtained in these systems, 


pE/cm? 


ip 


0 0 iS v (n. e.) 


Fig. 1, Differential capacity curves at 750 cps in 
0.01 N solutions of: 1) N(C,H)Br; 2) N(CjHs),Br; 
3) N(CH3),Br; 4) KBr, 


It seemed worthwhile to examine the combined 
action of a neutral organic molecule and a surface- 
active organic cation on the differential capacity, 
Consequently, an investigation was undertaken to deter- 
mine the effects of potassium bromide and tetraalky]- 
ammonium salts on the capacity of the double layer in 
the presence of buty! alcohol, 


We used a mercury drop electrode and the im- 
pedance bridge method [4-7] in our work, A 750 cps 
alternating current was used, All measurements were 
carried out at room temperature, A normal calomel 
electrode (n.c.e.) was used as reference. 


All the salts were recrystallized three times from 

twice-distilled water, KBr was heated at elevated tem- 
peratures, while N(CH;),Br and N(C,H,),Br were dried 
at 100-120° C, and the samples thus treated gave re- 
producible results, The differential capacity was 
measured at three concentrations of the electrolyte: 
1, 0.1, and 0.01 N, while the butyl alcohol concen- 
trations were varied from 5.5+10°M to 5.5+107! M, 
Butyl alcohol was purified in the manner prescribed by 
Lund and Beirrum [8]. 


The curves of C= f(g) recorded on a mercury 
drop electrode in aqueous solutions are plotted in Fig, 1, 
The capacity at negative polarizations depends on the 
cations of the supporting electrolyte and declines in the 
order Kt > > [N(CH5)]* > [N(C,Hg),]* 
due to increasing cationic radius and decreasing effective 
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dielectric constant in the electric double layer. One can see in Fig, 1 that the curves of C= f (y) recorded 
in solutions of N(CH )Br and N(C,H,),Br under conditions of low positive surface charge exhibit a small 
"hump", which is characteristic of aqueous solutions of inorganic salts [9], while the capacity on this portion 
of the graph increases as one proceeds from K* to N(C3Hs),*. The reversed order is due to the fact that the 
specific adsorption of the cation leads to an increased Br~ concentration in the double layer and consequently 
to a higher differential capacity. 


Though an increased concentration of the supporting 
pE/cm? electrolyte raises the capacity along the positive branch 
80 of the C= f(y) curve, the curve still retains its original 
shape, 


In the case of KBr the curve retains the *hump® at 
higher concentrations, and the capacity on this portion of 
the curve is higher due to an increased adsorption of the 
Br~ anion, At the same time when the concentration of 
either Br or N(CHg)gBr is raised (for example 
from 0.01 to 0.1 N) the *hump" on the capacity curve is 
replaced by an inflection point, 


The specific adsorption of the organic cations some~- 
how leads to increased Br~ adsorption which is responsible 
for the observed effects. 


The effects of increased supporting electrolyte con- 
centration also show up on the cathode branch of the 

C= f (yg) curve. In the case of KBr an increase in con- 
centration shifts the minimum toward more negative 
potentials and increases the capacity over the entire 
cathode branch of the C= f (gy) curve (Fig, 2). When 
the N(CjH,),Br concentration is raised from 0,01 to 0.1 N 
the capacity declines over a certain range of potentials, 
but at large negative polarizations the two curves approach 


0 as iD vice.)  ©ach other (Fig. 3), These observations can be explained 
5 Pa in the following way. When we change from KBr to 
N(C,Hs),Br an excess of the undissociated dipolar specie 


Fig. 2, Differential capacity curves at 750 cps 


in solutions of: 1) 0.01 N KBr+5,5+107? M the dis- 
3) 0.01 N KBr; 4) 0.1 N KBr, ectric consta e ouble layer resu 


in decreased capacity over a certain range of potentials 
as the concentration of N(CjHg),Br is increased, Addition of butyl alcohol brings out well defined minima on 
the C= f (y) curves in the vicinity of the electrocapillary zero and near the adsorption and desorption maxima, 


The potentials at which the minima and the adsorption maxima occur, as well as the capacities at these 
potentials depend on the nature of the supporting cation, and the concentrations of butyl alcohol and the 
electrolyte (Figs, 2, 3, and 4), Thus, for example, a high concentration of alcohol reduces the capacity at 
the minimum point and broadens the curve in the vicinity of the minimum, while the adsorption and desorption 
maxima increase, The magnitude of these effects depends on the electrolyte and supporting cation concen- 
trations: at high concentrations of the supporting electrolyte the capacity at the minimum increases while the 
curve becomes sharper in that region, Essentially, these effects result from increased Br~ adsorption at higher 
electrolyte concentrations, At the same time it is important to consider the various ways in which the support- 
ing cation affects the adsorption of Br~, A high butyl alcohol concentration has a progressively diminishing 
effect on the curve shape as the cation radius increases in the series: 


K+ < (N (CHa)g)+ < (N < (N (Cyl 


70 \ 
60 | 
50}- 
tea 4 
| 
/ 
1090 


tig®HO)N (2 (I Buruoddns 
N T0°0 IM W suozintos 


(2 

W N T0°O (T suomnyos 


2 

2 

: 

4 

+ 

4 

\ 

i 

vA 

\ 

\ 

+ 

4 

a 

~ 

x 

_ 

1091 


(Figs, 2, 3, and 4), The relative concentrations of the organic cation and of buty] alcohol can be so chosen as 
to completely eliminate the minimum on the C = f (g) curve (Curve 2 in Fig, 3 and curve 4 in Fig. 4), 


According to a theory proposed by Frumkin [10], the greater the difference between the capacity in a 
pure solution of supporting electrolyte and the capacity in a solution to which an organic compound has been 
added the more thoroughly will the organic compound be desorbed from the mercury surface. On the basis of 
data presented in Fig. 1 one would expect the desorption of butyl alcohol to be most pronounced when KBr is 
used as a supporting electrolyte, The capacity decreases with increasing cation radius in the order: 


K+ < (N (CHs)a)* < (N (CaHs)a)* < (N 


and consequently the desorption of butyl alcohol should become less and less pronounced in the same order, 
Indeed, as can be seen in Fig, 4, the height of the desorption maximum does decline, while the maximum 
itself spreads out as we change from K* to N(C,H,),‘, indicating less and less desorption of butyl alcohol, 
Since the maximum is entirely absent on the curve of N(C,Hg),*, these cations apparently do not promote the 
desorption of butyl alcohol, which fact is in full accord with the theory, These effects may possibly also 
reflect the van der Waals attraction between the hydrocarbon radicals in the tetraalkylammonium ion and the 
butyl alcohol molecules, 


We wish to thank Academician A, N, Frunkin for his interest in this work and B, B, Damaskin for his 
valuable advice, 
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The electron configuration of atoms is intimately connected with the fundamental concepts underlying 
the theory behind the periodic nature of chemical and certain physical properties of elements (such as atomic 
spectra) which result from the repetition of a given type of electron configuration in analogous elements. Yet, so far 
nobody has come up with a function which could be rigorously determined by some physical means and the 
values of which would at the same time uniquely define all the types of electron configurations found in the - 
periodic system of elements, And it is precisely such a function that we have in mind, a function which would 
depend on the ground state electron distribution of atoms and consequently assume identical values in elements 
with analogous electron configurations, 


If we started from the scheme known as “the ideal system of elements" [1], which is based on the assump- 
tion that the electronic levels of atoms are filled in an order corresponding to the consecutive filling of the 
electron cloud layers (from the smallest value of the principal quantum number n to the largest), then the 
electron configuration of an atom could be related toa number such as the number of valence shell electrons, or 
under certain circumstances the number of electrons which fill the levels with the highest value of n for the 
atoms of a given element. However, in a real periodic system the number of valence shell electrons, as the 
term is now defined, can not unequivocally define the actual electron configuration that an atom assumes. 

The reason this is so is that as Z increases the actual order in which the electronic levels of atoms are filled 

does not strictly correspond to the ideal system, but is regulated instead by another law which becomes apparent 
when the quantum levels are grouped together according to the sum of the principal and orbital quantum numbers 
and is expressed in the rule of consecutive filling of (n+ J )-subshells [2]. 


With the help of this rule we have managed to solve several problems pertaining to the relationship 
between Z and the electron distribution in atoms [3-5], In this communication an attempt will be made to 
show how by grouping the quantum levels according to the sum of the principal and orbital quantum numbers 
one can derive a set of numbers, each with a direct correspondence to the electron configuration type character- 
izing the atoms (in their ground state) of a given set of analogous elements; this set is valid over the entire 


periodic system and on the basis of the rule of consecutive filling of (n+ 1 )-subshells can be rationally expressed 
as a periodic function of Z, 


We are going to make use of the following terms. Let Nj, , be the number of electrons occupying the 
levels with the designated principal and orbital quantum numbers of a given atom, and Ey,, will then be the 
number of free (not filled with electrons) quantum states with the same value of n+; we will define En+l 
as the filling deficiency of a (n+ 1 )-subshell [6]. We will now use 6 p,; to denote the filling deficiency 
of only those (n +1 )-subshells which are already partially filled, or in other words, 


= when Nase 0. (1) 


‘ 
= 


We will now introduce 6, to denote the total filling deficiency of all partially filled (n+ 1 )-subshells, 
i.e., 


where we sum only over those values ofn+l for which Nj ,; > 0 {see Eq. (1)], We will call 6&, the 
configuration index for the ground state electron structure of atoms, or simply the configuration index. Accord- 
ingly & , can be defined as the number of missing electrons in the atom required to fill the partially filled 
(n+ )-subshell, It can be easily demonstrated that the configuration index & , assumes the same value for 
all electronically analogous elements (see Table 1). 


TABLE 1 


The Configuration Index &, for the Ground State Electron Structure 
of Atoms 


Elements Elements €, | Elements 
0 | He,Be,Mc,Ca,Sr,Ba,Ra 14 Co,Rh, Ir 22 Dy,Ci 
4 | H,Li,Na,K,Rb,Cs, Fr 12 Fe, Ru,Os 23 Tb, Bk 
2 | Ne,Ar,Kr,Xe,Rn 13 Mn,Tc,Re 24 Gd,Cm 
3 | F,CI,Br,J,At 14 Cr,Mo,W 25 Eu,Am 
4 |0,S,Se,Te,Po 15 V,Nb,Ta 26 Sm,Pu 
5 | N,P,As,Sb,Bi 16 Ti,Zr,Hf 27 Pm,Np 
6 |C,Si,Ge,Sn,Pb 17 Sc, Y,Lu 28 Nd,U 
7 | B,Al,Ga,In,TI 18 Yb (102) 29 Pr,Pa 
8 | Zn,Cd,Hg 19 Tm,Mv 30 Ce,Th 
9 | Cu,Ag,Au 20 Er,Fm La,Ac 
0 | Ni,Pd,Pt 


According to the rule of consecutive filling of (n+ 1 )-subshells the levels of each (n+ J )-subshell 
become completely filled when the s-subshell is filled (which yields the s* configuration), which leads to an 
6, =0 for the ground state of He, Be, Mg, Ca, Sr, Ba, and Ra atoms, The presence of the element He in this 
series can be justified on the grounds that it has the same configuration (s 2) as all the other members, even 
though the chemical properties require that helium be placed in another group of the periodic system; this 


constitutes the only instance where elements with the same configuration index are located in different groups 
of the Mendeleev Periodic System.* 


As we proceed from any of the above-listed elements by increasing Z and begin to fill the levels of a 
new (n+ )-subshell in Li, B, Al, Sc, Y, La, and Ac, 6, increases in discrete steps of integral numbers, and 
the more n, | -subshells contained in the respective new (n+ 1 )-subshell the greater the value of the index, 
As the levels of each individual (n+ / )-subshell fill up & , decreases and again becomes zero when all the 
levels of a particular (n+ )-subshell (and of all the preceding ones) become filled. From the rule of con- 
secutive filling of (n+ )-subshells one can derive a mathematical relationship between 6} andZ. Lety 
be a parameter which assumes only such integral values as satisfy the inequality 


1 1 1 1 1 


| 1 (3) 
+(y + 1) (sin 5) 

* Let us point out that in certain modified tables of elements, particularly when an attempt is made to show 
the relationship between the electron distribution in atoms and the position of the elements in the periodic 
system, helium is placed in Group II [7] or listed twice — in the zero and in the 2nd group. 
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The double term appearing on the right-hand side of Eq. (4) and inequality (3) gives the number of non- 
identical quantum states for all the values of n+ 2 not exceeding n+l =y, while the corresponding term on 
the left-hand side of inequality (3) is the total number of nonidentical quantum states for all the values of 
n+ smaller than y [5, 6]. It should be pointed out that expressions (3) and (4) do not represent a properly 
chosen combination of empirical formulas connecting 6} and Z, but follow from the definition of &,, therule 
of consecutive filling of (n+ J )-subshells, and the Pauli exclusion principle. 


When 6&;, is evaluated by means of expressions (3) and (4) (for any Z within the limits of the real system 
of elements) it always agrees with the corresponding 6; derived from empiral electron distribution data in 
neutral atoms and defined as the total filling deficiency of all partially filled (n+1)-subshells, This agree- 
ment persists despite the fact that in several instances the electrons become variously redistributed between 
the d ands ord and f -subshells; the redistribution makes the actual arrangement of electrons in several 
d and f- subshell elements differ somewhat from that predicted M the usual rules, These small Me spare 
(for example, d°s! instead of d4s* in chromium, d's! instead of d°s? in copper, d! instead of d®s? in palladium, 
f"d' instead of f* in gadolinium, etc.) never go beyond the limits of any set of levels with partially filled (n +1)- 
subshells, and hence they do not show up in the value of é,. Thus, the configuration index 6, provides a 
generalized form of the electron configuration type of atoms, since a given S; may stand for several specific 
configurations which can not be always represented in a similar way (by the number of d ands ord and f 
electrons) and hence can not always be described by the same principal term symbol, At the same time one. 
encounters certain cases where the different values of 6), indicate different configuration types despite an 
apparent formal analogy, This refers specifically to elements such as Sc, Y, La, Lu, and Ac. Normally, all 
these five elements could be assigned a ds? configuration, Yet scandium, yttrium, and lutetium have an 6, = 
= 17, whereas lanthanum and actinium have an 6, = 31. A close examination of this particular case will show 


that 6} is related to certain properties of the atomic electron cloud which would otherwise be overlooked if 
the usual designation of configuration type were used, 


The difference between the configuration of Sc, Y, and. Lu and that of La and Ac can be readily explained 
by considering not only the filling of levels by electrons but also certain combinations of “vacant” levels. Both 
La and Ac (5d6s* and 6d1s”, respectively, in their ground state) contain vacant f -levels (4f in La and 5f in Ac) 
among the levels belonging to a partially filled (n+ 2 )-subshell, which fact accounts for the very large value 
of 6. On the other hand, Sc, Y, and Lu do not have any such vacant f -levels in their partially filled (n+7 )- 
subshells. This is not a strictly formal distinction, since it involves the possibility of a transition from a d! 
ground state to an energetically very close f! state in the case of La and Ac, whereas in Sc, Y, and Lu this is 
not feasible and a transition from a d' to a f! state would indicate a high degree of excitation, 


Consequently a given value of the configuration index 6, defines not only the general features of a group 
of real and different configurations of a single type in a set of analogous elements, but at the same time it 


also represents certain combined properties of the actual configurations for the ground state and a state close 
to the ground state of a given element. 


In general, it can be stated that just as the number Z of an atom defines precisely an element regardless 
of the mass number or the radioactive and other nuclear properties of a given isotope, so the configuration index 
6, defines precisely the electron configuration type of atoms among analogous elements regardless of any 
variations in the actual configurations which might arise not only due to different total number of electrons 
but also sometimes as a result of electron redistribution between d ands ord and f-subshells, provided of 
course the redistribution does not go beyond the limits of the partially filled (n+ 2 )-subshells, The introduction 
of the configuration index concept enables one in all these cases to clearly distinguish a difference between 


configuration types from the differences between some of the various actual configurations belonging to a 
particular type, 


then 
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The literature does not as yet contain data on the low-temperature saturated vapor pressures of the various 
tetrachloroaikanes which are obtained by telomerization of carbon tetrachloride with ethylene, V. M. Olevskii 
has measured vapor pressures ranging from 2 to 760 mm of Hg for those compounds of this series whose mole- 
cules contain 3, 5, 7, and 9 carbon atoms (from Cg to Cg). 


The present paper will present data on the saturated vapor pressures for tetrachloroalkanes ranging from 
Cy to Cyz in the low-pressure interval from 1+10°4 to 5° 10°? mm of Hg. Such data are indispensable for cal- 
culations on molecular and high- vacuum distillation of mixtures of these compounds. There are various 
methods which have been widely applied for the determination of the vapor pressures of high- boiling liquids 
and certain solid materials, e.g., the dynamic method, the effusional method, the Langmuir method, etc, 
Among these we selected a variant of the static method based on the direct measurement of the force exerted 
by the vapor on unit surface area, This method was employed, first by Hickman [1] and then by other in- 
vestigators [2, 3], for measuring the saturated vapor pressures of esters of phthalic and sebacic acids, various 
plasticators, fats, diffusion pump oils, etc, It has the advantage of being free of those errors which arise in all 
techniques of determining vapor pressures which require that the accommodation coefficient for vaporization 
in high vacuum be known and that certain assumptions concerning the structure and degree of association of 
the vaporized molecules be made. 


This method is based on the fact that the apparatus (tensimeter) is constructed in such a manner that the 
vapors of the working material pass out of a vaporizer through a nozzle covered by a light disk suspended on a 
fine wire and thereby gives this disk a certain angular displacement. 


The movement of the disk from its original *null" position is compensated by rotating the tensimeter 
through the same angle. 


The principal portion of the tensimeter® (Fig. 1) was prepared from molybdenum glass, The bottom of 
the tensimeter contained the vaporizer 1 and the nozzle 2, the latter having an internal diameter of 30 mm. 
The edge of the nozzle was carefully polished, 


* This apparatus for the measurement of vapor pressures was built from plans prepared by the All-Union 
Scientific Research Vacuum Institute, 
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The suspension holder 5 was affixed to the end of the molybdenum bar 4, 5 mm in diameter, which was 
fused into the ground fitting 3, A light duraluminum disk 6, 0.1-0.3 mm thick was attached to this support by 
two thin molybdenum wires, 35 : in diameter, which had been heated in vacuum, The upper portion of the 
apparatus served as a condenser, The condensate collected in a ring-shaped groove inthe condenser and then 
flowed back into the vaporizer through the thin tube 7 which had a capillary construction, The tensimeter was 
joined to the vacuum system through the ground connecting joint 8. 


\ 
| \\h 
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Fig. 1, Tensimeter for the measurement Fig. 2. The temperature dependence of 


of vapor pressures, the vapor pressures of tetrachloroalkanes, 
The tensimeter was mounted in the socket of a specially constructed swivel head so that it could be 
rotated smoothly in either of two mutually perpendicular directions, During operation, the tensimeter was 
immersed in an oil bath whose temperature was held constant to within + 0,2° C, Observation of the position 
of the tensimeter disk was carried out through a viewing window in the thermostat wall, using a horizontally 
mounted long-focus microscope, Vacuum was maintained in the system by a VN-461-M forepump and a two- 
stage SDN-1 glass oil pump, The accuracy of measurement of the angle of rotation of the tensimeter was in- 
creased by reflecting a ray of light from a mirror attached to the head onto a scale, The scale and source of 
illumination were one meter from the apparatus, The earlier tensimeters were so constructed (1, 2] that the 


angle of rotation was measured directly on a circular scale with a vernier and the error of measurement was 
therefore considerable, 


Determinations of the vapor pressures of liquids were carried out in vacuum, the pressure of residual gases 
in the system being less than 1+10™* mmHg. The evaporator was filled with 6-7 cm® of the working liquid. 


During operation, the tensimeter was rotated into such a position that the effective weight of the disk was 
just balanced by the pressure of vapors in the vaporizer, The position of the light ray reflected from the mirror 
was then marked on the scale, The vapor pressure was evaluated from the equation: 


| — Mg 
P = 0,735 arc 


P being the vapor pressure in mm Hg, m is the weight of the disk; S is the cross-sectional area of the nozzle, cm?; 
Ng is the null-point scale reading at room temperature, in mm; ny is the scale reading at the working tem- 


perature, in mm; 0,735 is the conversion factor for passage from g/cm* to mm Hg; and Z is the distance from 
the mirror to the scale, 


Mean values of several readings, all at the same temperature, were substituted for ny and ny, 


mmH 
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The apparatus was given a preliminary test by using it for measuretnents on substances whose vapor 
pressures were already known from the literature, Di- 2-ethylhexylsebacinate and dibutylphthalate were chosen 
as standards, The results obtained on these materials agreed quite closely with the data of the literature (1, 3). 


The apparatus was then used for determining the vapor pressures 

cal/mole - 10° of five tetrachloroalkanes having 9, 11, 13, 15, and 17 carbon atoms 

ME ate per molecule (Cg, Cyy, Cyg, Cys, Cyz). Four of these were obtained 
by high vacuum and molecular distillation of a mixture of tetra- 
chloroalkanes from the Kaluzhskii Combine for Synthetic Aromatics? 
Distillation in a simple single-stage still (flask) at 0.05-0,1 mm 
7 i pressure first broke this mixture down into fractions whose boiling 
Pad points differed by 10-15° C, The fraction containing the lower 
tetrachloroalkanes with less than 11 carbon atoms per molecule was 
then separated into its individual components by distillation under 
a pot pressure of approximately 1 mm Hg absolute, using a herring- 
bone column equivalent to six theoretical plates, The fraction con- 
taining the higher tetrachloroalkanes with more than 11 carbon atoms 
per molecule was separated by distillation in a glass multistage 
molecular column of the ladder type [4, 5]. The compounds obtained from a second distillation were of 
adequate purity and had the physicochemical constants shown in Table 1. 


Latent hear of 
vaporization 


10 %G 6 8 
No. of C atoms = ———. 


Fig. 3. The dependence of the latent 
heat of vaporization of tetrachloro- 
alkanes on the number of carbon atoms, 


TABLE 1 


Tetra- |_ Experimental data ~~ Data of the literature 
chloro- eceey viscosity at | molecular 
» jat 20°C, * 20° C, weight, 


alkanes} ,” d n 
D P centi- D centistokes | calculated 
stokes 


1,4820] 14,1942) 7,57 |268.0| 1,4821(% | 41,1856 (*) 7,45 (9) 
1.1479 40,95 |290,4| 4,4827(% | 1,4476(%) | 44,5 
1'4807| 14150] 15,6 |323,7| 1,4804 (7) | 4,1166(7) | 44,61 (7) 
4/083 | 21,4 |349,0| 1,4795(7) | 41,0935(7) | 19,65 (?) 

— | 4,4795 (7) |+4,0773(7) | 24,89 () 


Chromatographic analysis of specimens of the tetrachloroalkanes obtained in this manner was carried out 
in the State Institute for the Nitrogen Industry and showed the presence of certain contaminants whose peaks on 
the chromatogram fell between those of the compound under study and those of the tetrachloroalkane with next 
lower number of carbon atoms, It was not possible to eliminate these contaminants through a second molecular 
distillation, Thus, it could be assumed that their vapor pressures were approximately the same as those of the 
working material so that their presence couldhave no significant effect on the measured values, 


The results obtained in the measurements of the saturated vapor pressures of these tetrachloroalkanes are 
plotted in Fig, 2 in the coordinates log P, 1000/T, T being the absolute temperature, Straight lines drawn 
through the experimental points could be represented by an equation of the general form: 


A 


B. 


lg P = — 


The interval of temperature over which these vapor pressures were measured was narrow (50-60° C) and 
the latent heat of vaporization could be considered as constant to within the limits of experimental error, Thus 
A =L/2,302R, where L is the latent heat of vaporization and R is the molar gas constant, 1.986 cal/° C, 


* V. I. Baranova and N, P, Abramova participated in the preparation of the pure tetrachloroalkanes, 


pas 

Co 266 
Cu 294 a 
322 
Cis 350 
Cy 378 a 
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Latent heats of vaporization of tetrachloroalkanes calculated in this way are presented in Table 2, Figure 
3 shows the dependence of these values on the number of carbon atoms per molecule, It is clear that the re- 
lation between these quantities is very close to being linear, 


TABLE 2 


Tetra- Latent heat of 
chloro- vaporization, 
alkane cal/mole 


21200 
22100 
23280 
24730 
25600 


The authors wish to express their indebtedness to M, L. Alashkevich for his valuable advice and counsel 
in mounting and testing the apparatus used in measuring these vapor pressures, 
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4650 12,48 
Cu 4830 12,22 
Cis 5088 42,25 
Cis 5405 12,43 
Cir 5640 12,55 
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Due to the extensive use of polymer materials in various branches of industry the problem of increasing 
their heat resistance and strength has become very important, 


It is well known that the mechanical properties of high molecular compounds can be considerably im- 
proved by adding active fillers. In the papers of Rebinder and co- workers [1-3] it was found that the mechanical 
properties of polymer systems increased as they were filled with an active filler. The authors of these papers 


showed that with the introduction of comparatively small amounts of filler the mechanical properties of the 
system are improved due to strengthening of the spatial structure formed by the macromolecules of the polymer, 
The active particles of the filler, situated at the points of the space lattice, are centers for the development of 
this structure, With high degrees of filling (80-90%) of the polymer volume [4] the strengthening action is 
connected with the formation of coagulation structures in which the polymer practically changes to a state of 
limiting structure films, distributed between the particles of the filler [5]. 


Of considerable interest is the use of highly dispersed metallic powders as fillers for polymer materials, 
It can be assumed that for certain high molecular compounds metal is the most active filler, The presence of 


a very fine layer of oxide on the metal particles does not noticeably affect the formation of strong adsorption- 
chemical bonds between the metal and polymer, 


In the present work we studied the effect of additions of iron powder on the strength and thermal resistance 
of some polymer materials, The objects used in the investigation were crystalline polymers — polyamide 
resin-68, polyethylene (high pressure) and also amorphous phenolformaldehyde resin (resol), The filler was 
iron powder with a specific surface S = 1.2 m*/g, prepared electrolytically (in the A. T. Vagramyan laboratory). 
To prepare specimens of a certain composition the required amount of iron powder was introduced into the poly- 
mer solution, The specimens obtained after extrusion were tested for strength and thermal stability. The strength 
of extruded specimens of polyethylene and polyamide resin-68 were evaluated from tests in which a 1 mm 
diameter cylinder was pressed into them. The strength of specimens based on phenolformaldehyde resin was 
evaluated by the monoaxial compression of the specimens, The thermal stability was judged from the thermo- 


mechanical curves of compression (6, 7], obtained with a constantly acting load at a rate of heating of 50° per 
hour, 


Figure 1 shows the relationship between the strength of the polymers and the concentration of the iron 
powder addition, As can be seen from Fig. 1, the additions of filler in all the cases mentioned strengthen the 
polymer system but the character of the dependence of strength on the concentration of iron powder is different, 
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Thus, in the case of polyamide resin-68 (curve 1) of the crystalline polymer, with the introduction of 5% iron 
powder the system is strengthened by about 20%, Further increase in the filler does not affect the strength, In 
the case of polyethylene (curve 2) in which the amount of the crystalline phase does not exceed 50-75%, at 
first the strength increases very slightly with increase in the concentration of filler to 60%, after which there is 
intensive strengthening of the system and the maximum strength corresponds to 85-90% content of filler. The 
numerical values (85-90%) which we have given for the filling of the polymer system causing the maximum 
strengthening are relative since the effect of a high degree of filling depends to a large extent on the degree of 
dispersion of the filler and the method with which it is introduced. Thus, it can be assumed that the vibrating 
action during the introduction of the filler will considerably improve the properties of the filled polymer. 
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Fig. 1, Mechanical strength of polymer Fig, 2, Relationship between deformation and 
materials in relation to the concen- temperature for a resol resin with varying content 
tration of the iron powder filler: 1) of iron powder, 1) 0%; 2) 10%; 3) 50%; 
compositions based on polyamide resin-68; 4) 80%. 
2) polyethylene; 3) phenolformaldehyde 
resin (resol), The strength of specimens based on phenolfor- 


maldehyde resin increases in parallel with the increase 
in concentration of the filler, Considerable strenginening of the system (two-fold) takes place on the addition 
of 30% filler, With a content of 50% iron powder the strength is increased six-fold, The optimum strengthening 
of seven- fold corresponds to 75-80% filling. These results show that the mechanism of strengthening of polymer 
systems varies with the introduction of iron powder filler and depends on the chemical nature of the polymer, 
The temperature dependence of the deformations of monoaxial compression of polymer specimens filled to 
varying degrees with iron powder is shown by the thermomechanical curves of Figs. 2 and 3. 


Figure 2 gives curves for specimens based on phenolformaldehyde resin, The specific load on the specimen 
was 8 kg/cm?, With increase in concentration of the filler the vitrification temperature (Ty) of the material 
increases, which indicates the formation of transverse chemical bonds between the macromolecules, The de- 
formability of the specimens is sharply reduced. Thus, with increase in temperature the specimen is strongly 
deformed and at 150° the deformation reaches 40% (curve 1) whereas a specimen which is 10% filled (curve 2) 
is deformed by 32% at this temperature and a specimen which is 50% filled is only deformed by 8%, Material 
with 80% filling is deformed by 6% at 300°, and its decomposition occurs after 400°, In the presence of iron 
powder the formation of a space lattice is apparently accelerated, characteristic for thermo-setting resins at 
high temperatures. As a result, the material becomes much more thermally stable in the presence of the filler, 


Figure 3 shows thermomechanical curves for specimens based on polyethylene, In this case, the load 
on the specimen was high and was 40 kg/cm?*, which caused the polyethylene to flow without filler at 40° 
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(curve 1). With increase in filler content the temperature of “flow* * was somewhat increased, but the character 
of the relationship between deformation and temperature remained the same even with 80% filling. Only when 
starting with a concentration of 90% iron powder was the shape of the curve seriously altered. The deformation 
of the specimen at 150° was only 8%, after which with further increase in temperature to 400° it became con- 
stant, This indicates the sharp change in properties of the material on increasing its thermal stability. This is 
shown by the curves for heating [8], giving an idea of the phase composition of the polymer, In Fig, 4 the con- 
tinuous line shows the heating curve for polyethylene without a filler and the dotted line shows polyethylene 
with 90% iron powder filler, The specimen was preliminarily extruded and heated to 220°, On the dotted 
curve a new effect appeared at 300°, not present on the continuous curve, It is apparently connected with a 
phase transformation, the fusion of a specially ordered crystalline phase, which appears in the material when 

it is filled with iron powder and subsequently extruded. 
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Fig. 3. Relationship between Fig. 4. 1) Thermogram of polyethylene 
deformation and temperature for (high pressure); 2) thermogram of poly- 
polyethylene filled with iron ethylene containing 90 wt, % of iron 
powder. 1) 0; 2) 50; 3) 80; powder, 


4) 90 wt. % of iron powder. 


In these experiments the weight of the specimen remained constant up to 400°. The considerable in- 
crease in strength and thermal stability of specimens based on polyethylene, observed only with a high degree 
of filling, indicates that this is connected with the change in properties of the material, when it is in the 


state of a limiting ordered orientated film, These films are probably fastened on the surfaces of the solid 
fillers and are held to them by adsorption-chemical bonds. 
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In considering various problems of the kinetics, mechanism and equilibrium of heterogeneous reactions 
taking place in solution, it is necessary to know the degree of protonization of the base in the solvent to which 
a strong acid has been added, This quantity may be calculated if the concentration constant, Kap» of the base 
B is known under the given conditions: 


[B] 
Kaz 7H" (1) 


together with the value of the activity of the proton, a,+. Since no free protons exist in the solution, the 
quantity a,;+ cannot be given such a direct physical significance as, for example, ac)-. In transferring our 
attention from one solvent to another, the values of ajy+ cannot in general be equated to the activity of the 
solvated proton, since we are then dealing with particles of different composition and structure, depending on 
the nature of the solvent. Hence, the value of a;;+ must be given a distinct significance, which may be per- 
formed in the following way [1, 2]: 


o o [BH*] Yo BHt 
Kap 


(2) 


= 


where [S], [B], [SH*) and [BH*] are the concentrations of the bases S and B and their respective conjugate acids 
SH* and BH*; yo etc. refer to single neutral activity coefficients [3]; and Kas and Kan are the thermo- 


dynamic basicity constants of the bases S and B respectively. In the standard solvent, for which purpose water 
is taken, HO! To B To BHt = and, consequently, Kano 
and Kay 
So as to calculate the value of Kan in any arbitrary solvent S, it is necessary to know the magnitude 


of Kee Tas? Tow To SHt and YoBHt, since: 


KS Kap T (3) 
TosH+Tos 


. 
3 


In general, numerical values are only known for Kap and Kas: In the case of media for which the 


concept of the acidity function, Hy, may be employed, the calculation is considerably simplified because of the 
YoB 


YoBHt 
this condition is not fulfilled, and such a method of calculation can not be employed. 


fact that the ratios of the type are equal for all bases [4]. However, for the majority of organic solvents 


In the current work, the role of the nonstandard solvent has been filled by acetone, and the base B was 
p-nitroani line, 


Values of Kap for p-nitroaniline at various temperatures are given in[5]. The value of Kan was deter- 


mined by one of us, together with V. Kh, Maimvere, and is given by: 


7150 17,78 


PKay = 4,575" (4) 


We have investigated the basicity of acetone in aqueous solutions with the object of determining Kas: 
Measurement of the ultraviolet absorption spectrum only permitted of the determination of the order of 
magnitude of Kag cs pKa, = 0.2 - 1,2), since the molar extinction coefficient of the protonized form of 


acetone does not remain constant with increase in the concentrations of hydrochloric or sulfuric acids [7], An 
investigation of the kinetics of the bromination of acetone has given values of Ka, of the same order [7, 8]. 


Having regard forthe magnitude of the possible experimental errors, and the approximations which have been 
made, it is not possible to obtain more precise values of Kag starting with the kinetic data. 


In this connection we have worked out a new method for the determination of the basicity of electrically 
neutral bases in media consisting of water and hydrochloric, and water and sulfuric acids, based on the differing 
electrical conductivities of the HyO* and BH* ions, The experimental work was carried out using the apparatus 
constructed by V, A. Reiben for the measurement of the conductivity of electrolytes, which permitted of the 
measurement of the electrolytic resistance under the conditions of our experiments with a sensitivity of . 

+ 5x 107° % at a frequency of 10° hertz, 


The experimental part of the work consisted of the measurement of the resistance of well thermostatted 
(4 0.003°) aqueous solutions of hydrochloric or sulfuric acids, both with and without the addition to these of 
small quantities (1-2%) of the base under investigation, B, The effect of the base B on the electrical con- 
ductivity of the acid solution is characterized by the quantity y : 


1 
= [Bp — (5) 


where k is the cell constant (in cm™*); [B]p is the concentration of the added base (in mole- liter~*); Ro and 
Ry are the resistances of the electrolyte before and after addition of the base B; AR is the change in the resist- 
ance of the electrolyte owing to the dilution of the solution (in ohms), In calculating the value of AR, we used 
the change in the resistance of the electrolyte when the equivalent quantity of pure water was added instead of 
the base B, In order to bring the volume of added acetone to the equivalent volume of water, the contraction 


of the solution was also taken into account, The quantity EE = Ky is the expected value of the 
0 


equivalent conductivity of the solution if the addition of the base B is equivalent in strength to the addition of 
the equivalent volume of water. The experimentally measured value of the specific conductivity of the. 


k 

solution , R Ke does not coincide with the expected value xy, and the difference, ky — Kk», is proportional 
x 

to the concentration of the added base B, If we postulate that the difference between x, and Kg is due to the 


protonization of the base B, we obtain: 


1000 (x1 — x2) = {[BH*] (Au,0+ — Apu), (6) 
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where Ay,0+ and Appy+ are the equivalent conductivities of HO* and BH*, respectively. The difference 
between Ky and kg is due to the difference in the equivalent conductivities of the ions HJO* and BH*, As 
we should expect, it proves that \yj,o+ is greater than \py+. Substituting Eq. (6) in Eq. (5), we obtain: 


where [BJ =(B] +(BH*], It is possible by means of Eq. (7) to determine the value of the ratio B/BH* in 
relationship to the acidity of the medium, if it can be supposed that Ajyy ot — Apyt remains practically con- 
stant within the range considered for the concentrations of the hydrochloric and sulfuric acids, The value of 
ApHt May be determined, if [BH*) > [BJ], and(BH*) ~ [B]p, a situation which obtains in media 
of Acidity Hy < pKa, ~ 1. The value of QyH,0t — Apu)" 107* are taken to be equal to the maximum 
value of y , since in certain cases, with further increase in the concentrations of the hydrochloric and sulfuric 
acids, after the attainment of a maximum value, it is found that y commences to fall, 


TABLE 1 


Base Constants for p- and o-Nitroanilines and for Acetone 


Kap 
Base and medium 


electrical con- |spectrophoto- 
ductivity 
_ method method [5] 


p-nitroaniline in the system 
O -HCl 


+0,90 4-0,91 

o-nitroaniline in the system 
HO — i —0,49 ~-0,43 
Acetone in system HCl —0,55 
—0,60 
—0,66 
—0,81 


In order to confirm the suitability of the method here described, the values of pK§,_ have been deter- 
mined for p- and o-nitroanilines, The results obtained are in good agreement with the values given in [5] (see 
Table 1 and Fig. 1), which confirms the applicability of the method for determination of the base constaits of 
electrically neutral bases, The method has therefore been used for the determination of the base constant of 
acetone, The values of pK3, 5 obtained at various temperatures are given in Table 1, and may be expressed by 
the relationship: 

2624 
4,919T 4,975 (8) 


pKa, 


the values of pK. obtained from (8) have been inserted into the equation describing the kinetics of the 
bromination of acetone Ye). Accounting for the effect of the activity coefficients (that is, taking fgyy +fcoj-/ 
fey + fcy-/fp), the values of k, have been evaluated. The magnitudes of fpy+ fci- /fp 
have been taken trom [1], The greatest deviation of the calculated values of k; from the experimental values 
is found for the region — Hg = 0.5 - 2.0, but these do not amount to more than 30% of kyexp at 35°, nor to 
more than 50% at 15°, When the activity coefficients are applied, so as to give greater precision, new results 
are obtained for the values of Ki1,0 and k.,-, different from those used in [8]. These are: kH,O = 


=6.96+ 10!” - = 8.20+108- exp 1519/RT 


It should be observed that the reaction in which a proton is transferred from HgO* to acetone is not 
exothermic, as we reported earlier in [8], but endothermic: — AHy= 2,6 kcal/mole, 


We have also determined values of y 9p for p-nitroaniline, starting from the appropriate values of the 
solubilitics and the distribution coefficients, We have used a “chain® of solutions of p-nitroaniline in the 
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solvents acetone, glycerol, carbon tetrachloride and water, according to the scheme: pure acetone — (1)— 
saturated solution of glycerol in acetone — (2) — saturated solution of acetone in glycerol — (3)— pure glycerol 
— (4)— saturated solution of carbon tetrachloride in glycerol — (5)— saturated solution of glycerol in carbon 
tetrachloride — (6)— p-nitroaniline (solid phase) — (7)— water. The processes 2, 5, 6, and 7 have been in- 
vestigated experimentally, while the remainder have been estimated on the basis of the assumption that the 
solution can be treated as ideal. The values of yop so obtained are given in Table 2, 


TABLE 2 


Values of 


Yo sH+/%0 BHt 


In addition to this we have calculated values of 
Yos according to Eq, (9) below, for the equilibrium 
Fig. 1, Relationship between y and the acidity of between the liquid and the vapor in the acetone—water 


the medium, 1) p-Nitroaniline at 40° in the system, taking the appropriate values from (9-12): 
system H,O — HCl; 2) o-nitroaniline at 60° in 

the system H,O — H,SOQ,; 3) acetone at 25° in ea Pso jim IS] (9) 
the system H,O — HCI. Ps ’ 


where pg 9 is the pressure of acetone vapor over pure acetone; [S]§ is the concentration of pure acetone (in 
mole/ liter); [S] is the concentration of acetone in its aqueous solution (in mole/liter), and pg is the pressure 
of acetone vapor above its aqueous solution, The values obtained for yos are given in Table 2, 


Using Eqs. (3), (4), and (8), and taking for y9p and yos the values set out in Table 2, we have cal- 


oSH* 
ae * also given in Table 2, For this purpose the values of Kg, are taken from (6). 


culated the values of 
Thus, the change in value of the dissociation constant of the acid p-NO,~C,H,— NH," in moving from 
solutions in water to those in acetone is connected with the changes in the values of all the activity coefficients 
entering into Eq, (3), in which no mutual compensation takes place in the variations of y9g and y 9B, on the 
one hand, or yosgzy+ aNd yopyy+ on the other, In this connection, however, the solution of the problem of 


calculating Kj, cannot be obtained with our present insufficient knowledge of the values of Kap! Kags Kis» 


YoB ad yos, and it is necessary to carry out further experimental work to determine these, or the ratio 
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We will consider an electron in a system of two symmetrical potential wells (Fig. 1), for which the 
Hamiltonian has the form 


Hy =F (1) 
n’ 
l=1 
n’ 


| 


The first term in (2) represents the operator for the orbital movement of an electron in a separate well, 
the second gives the interaction between the magnetic moment BS of the electron and the constant external 
magnetic field Hz and the third is the energy of the nuclear magnetic moments 6; {! in this same field; the 
index 1 marks the nucleus in the right potential well and 7" that in the left one. The first term in the per- 
turbation operator represents the additional small energy resulting from the presence of the adjacent well and 
this energy can be treated as a perturbation, because the barrier is supposed to be high. The remainder R of the 
perturbation is connected with the hyperfine interaction between the electron spin and the nuclei, It is supposed 


that we have to deal with pure spin magnetism and in the hyperfine interaction only the Fermi contact term 
occurs. 


We will choose the eigenvectors of the operators Ey, Be 4, 4! "asa starting point and "eames: them 
by (k,s, i, ,i,+), wheres, i, and are the eigenvalues of the operators it » and if and k can 
take only the values 1 and 2 corresponding to the two possible coordinate functions 


thi == —[p(r) + r)], = (p(r) —p(—r)I, (4) 


where E,tp( +r) = Eqtp(+r). 


In this representation the Hamiltonian of the unperturbed problem is diagonalized and each of its terms 
are doubly degenerate with respect to the orbital quantum number k: 


1111 


‘ 

a 


n n° 
in, iv| R's 8’, — [> ir|} x 


Of course, the matrix of the operator V is diagonal with respect to all spin variables. Moreover, because 
the coordinate wave functions have been chosen in the form of (4), the said matrix is also diagonal in the 
variable k, since 


<k, 5, it, ir |V |R’, iy’, ip) = (—1)* C8 (6) 


and under certain known conditions the value of b can be calculated 


- quasiclassically [2]. Generally, the interaction with the internal field 

>I is much stronger than the ‘hyperfine coupling (Paschen-Back effect) and, 

/\ therefore, the product in the operator R permutes with . This 
C--Ji\---F--\5 makes the operator R diagonal in the variabless,i and i;+ and by 
a i a straightforward calculation using (3) and (4) its elements which are 


different from zero are found to be equal to: 


Fig. 1 n’ 
ck, 8, it, S, i, = + by (7a) 


n 


s, is, iv-|RIR', if, = > disi; — >) = is, tv); (7b) 


the hyperfine structure constants 


correspond to an electron equally distributed over both wells, 


The energy spectrum of the system is found by solving the secular equation, Since H" is diagonal in all 
spin variables, this means that the appropriate coordinate functions v(t, 8,4, ,1 1 of the zero order approxi- 
mation and the corresponding energy corrections AE(t, s, i; , i 1”) must be sought, The variable r, just ask, 
takes only the two values 1 and 2; it quantizes the total energy H. 


Because of (6) and (7) the secular equation has the form 


n n 
—b+ dysi, + bp sip bys ip) 


n n’ 
f=1 


The energy corrections are [1]: 


n 
AE (1, is, iv) = > 6,si; + > — Ve + ¢?; (10a) 
t=} 


AE (2, s, iz, iv) = >) dysip + >) dpsip + + 


l=1 


n 
n n’ 
(10b) 
1112 


and the elements of the matrix Cx , which accomplishes the canonical transformation of the initial state to 
that sought for, are: 


t b |. | ¢| b 
V = — ar (11a) 


The denotations have been chosen in such a way that at b > t > 0 the new representation coincides with 
the old one 


2 
(r, it, iv) py Ciap (k, Ss, it, iy’) Crp S, iy’) (2, S, in, iy’). 
h=1 (12) 


From (12), (11), and (4) it follows that at b > t the stationary wave function corresponds to an electron 
equally distributed over both wells and at b « t to an electron localized in only one of them. At t= 
n’ 


n 
-0 (> bi:-= )) bvir ) the electron is always equally distributed over both wells regardless of the value of b. 
i 


We are interested in the electron transitions which in the system considered are induced by a variable 
magnetic field, In this case ByH, (1)Sx is the time dependent part of the Hamiltonian and, in accordance 
with the correspondence principle, the intensities of the induced spectral lines are determined by the relation 


I(r, S, ly, ly s‘, iy) == <r, ir |S, bet s‘, iy, |? = 


(13) 


where because of (12) and the orthogonality of p(k, s, iz, ize) 


<r|r’>s 2p" (r, Ss, it, iy’) st I, ii, iy’) = 


r r r 2 14 
= Cj (s) CY) (s + 1) Cy (s) Cy (s + 1). 


According to (11), (13), and (14), only those transitions which satisfy the selection rules Ai, = Ai 129% 
As = + 1 are allowed and they belong to two separate groups with intensities 


Ti, ip = (15a) 


' 


It is striking that within each group the intensity of all lines is not equal but depends via t (4), i 1? ij *) 
upon the orientation of the nuclear spins in the molecule which undergoes a given transition, Meanwhile, 
however, the total intensity corresponding to a given t is constant: ripe (r|r')= y =const. 
It is evident that formulas (15) give only the integrated intensities of the fyperfine spectral components, which 
at a monochromatic excitation have a resonance character with a width depending upon relaxation processes, 


Obviously, the frequencies of the lines which belong to the two separate groups are equal to 


n n 
== Bos + Dy Orie = (2 42); 


‘ 

‘ 
he 

= 
4 
(16a) é 


= + >) + pe —2VELP: 


=1 


AV; (2| 1) = + + >) + 2 VP+e. 
len} 


To illustrate the results the spectra of a system having only one nuclear spini and i* with the value 
1/, in each potential well is shown in Fig. 2 for the three different cases: b> t, b=t, b«t, The outer 
lines in these spectra belong to allowed transitions of the second group [formulas (15b) and (16b)] and the 
other ones to the first group [formulas (15a) and (16a)]}, while the center of the spectrum is taken by two 
transitions whose frequencies coincide, As b decreases, the latter transitions become forbidden and the central 
line disappears, while the outer lines, on the other hand, increase in intensity and converge to the two median 
lines with which they are united at b-+ 0, The lines with varying 
intensities (the central and the outer ones) are connected with 


b*. transitions in which i= — i' and this corresponds to wells differing 
; t in the orientation of the nuclear spin, However, the median lines, 

” aca ow which remain unchanged at any relation between b and t, corre- 
+20 ed spond to transitions with i = i', which take place in molecules with 


Yi ree wee peer In the case b >> t the spectrum is normal in the sense that 
d 7 d it can be interpreted as the hyperfine structure connected with an 
b«é I electron, which is equally distributed over both wells regardless 
of the orientation of the nuclear spins in the latter, When viewed 
ree” eames sean superficially, the opposite limiting case corresponds to an electron 
2d localized at one of the wells (because of this, the separation is 


also two times greater than in the previous case), however, in the 
spectrum observed actually, not only the outer components (i = 

= — i'), for which the said statement is true, make their appearance, but also the median lines (i = i'), which 
in any case correspond to an equally distributed electron, 


Fig. 2 


Of course, it should be kept in mind that any electron distribution in the molecule is maintained during 
a time of the order of a » where T, is the longitudinal nuclear relaxation time. After this lapse of time 


r(4/, i 1» i,+) changes and, correspondingly, the electron density is redistributed. The hyperfine structure of 
the spectrum in the intermediate case (b ~ t) is very complicated, Starting from it b may be calculated 
using (15) or (16). It is regrettable, but the change of the spectrum for b > t into that for b « t takes 
place in such a narrow energy range that it is very difficult to detect it in an experiment, Therefore, until now 
only the limiting cases have been investigated in detail [2]. 


It can easily be seen that in the most general case the statement: “the electron is present in the two wells® 
only means that b > t. In the opposite case (b « t) the interaction on the system disturbs the symmetry 
of the wells and localizes the electron in that well in which it has the lowest energy. In the case of an un- 
perturbed molecule (at b > t) the electron is “equally distributed" between the wells and performs a periodic 
transition between them with a frequency of 2b/h, This process differs from the radioactive decay of a 
particle surmounting the nuclear barrier by the fact that the electron cannot go outside the boundaries of the 
system and for this reason its movement has a periodic character. 


The author expresses his deep gratitude to V. V. Voevodskii, Corresponding Member of the Academy 
of Sciences of the USSR, to S. P, Solodovnikoy and V, M, Chibrikin for suggesting the subject and fruitful 
discussions in the course of the study, The author also acknowledges his sincere appreciation to V, L, Ginzburg, 


Corresponding Member of the Academy of Sciences of the USSR, for his interest in the work and a discussion of 
the results, 
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It is a well- known fact that the nature of the surrounding medium greatly influences the character and 
intensity of metallic abrasion. The lubricating action of the medium, its ability to bring about a reduction of 
hardness through adsorption [1], and its corrosional interaction with the metal are all factors which affect the 
extent of abrasion, Metallic abrasion in dry air is usually accompanied by oxidation, new metallic surfaces 
being continually exposed through the scaling off of the oxide film which was formed earlier. It has been shown 
that the rate of abrasion of steel diminishes in an oxygen-free atmosphere [2]. Processes of electrochemical 
corrosion must also be taken into account in the operation of friction joints in electrolytes or in moist air, 


In the first case, for example machining, the corrosional factor is not significant since the shaving which 
is removed has a depth many times greater than that of the natural oxide film, In the second case, the rate of 
abrasion is so low that the corrosional and mechanical effects are of the same order, An instance of this type 
would probably be the operation of the ring — roller combination in the wet spinning of flax, 


The layer of metal removed from the surface of a 4 x 13 nitrocemented steel ring by one rotation of a 
steel roller has an average depth of only 2-3 A, Here, account must be taken, not only of the formation of a 
brittle oxide layer, but also of possible electrochemical corrosion under the action of a thin film of water. The 
third case of movement of an aggressive electrolyte containing an abrasive is one in which metal breakdown 
arises principally from corrosional processes, the mechanical factor being of secondary importance, Evidence 
of the participation of electrochemical processes in abrasion can be found in the fact that the use of a protective 
covering will reduce the frictional wear of steel against a textolite bearing in sea water [3]. 


The present work is a study of the possible use of corrosion inhibitors to diminish the mechanicocorrosional 
abrasion of a 4 x 13 nitrocemented steel in Moscow tap water, These experiments were carried out at 40° C 
in a Kh2M apparatus [4] where a rotating disk of high speed R9 steel wore down a test bar in an electrolyte, 
forming a depression in its surface, The volume of material worn away was calculated from the dimensions of 
this depression and served as a criterion of the abrasion resistance, The specimen was under a load of 2,25 kg 
in each experiment and the disk rotated at 600 rpm, 


It had been shown earlier that the composition and pH of the water exert a considerable effect on the 
resistance of steels [5, 6). 


The first series of experiments was designed to determine the effect of anodic and cathodic polarization 
on abrasion of the 4 x 13 steel, and thus bring out the role of electrochemical processes. A platinum foil served 
as the second electrode, Each of the reported values of the abrasion corresponds to a separate experiment and 

each series of experiments was carried out on a single specimen, 


4 

eet 

a 

a 

& 

1117 


Mean results are presented in the curves of Figs. 1 and 2, 


The curves of Fig. 1 show that anodic polarization increased the mechanicocorrosional abrasion by 25%. 
The volume abrasional loss of the 4 x 13 steel after3000revolutions diminished from approximately 75: 107° 
to 45-1073 mm® under cathodic polarization, i.e,, decreased by approximately 40%, Thus, the corrosional 
and the mechanical factors were fully commensurate under these conditions, the experiments on cathodic pro- 
tection showing the role of the one to be approximately the same as that of the other, On this basis, it could 
be anticipated that corrosion inhibitors might lower the abrasion rate considerably. 
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Fig. 1, The effect of polariza- Fig. 2. The effect of corrosion 


tion on the volume abrasion (v) inhibitors on the abrasion of 

of 4x 13 steel in tap water: 4x 13 steel: 1) without in- 
1) without polarization; 2) hibitor; 2) with addition of 
under anodic polarization at sodium nitrite at 500 mg/liter; 
Da =1 ma/cm*; 3) under 3) with addition of soluble 
cathodic polarization at D, = glass at 500 mg/liter; 4) with 
= 0.1 ma/cm’, addition of sodium hexameta- 


phosphate at 200 mg/liter. 


Anodic corrosion inhibitors are known to diminish the corrosion of steel in neutral solutions, generally as 
the result of formation of a protective oxide film (7). Such corrosion inhibitors could be expected to increase 
the rate of mechanicocorrosional abrasion by reducing the deformability of the oxide film, 


it can be seen from Fig, 2 that abrasion was increased markedly by the addition of sodium nitrite, a 


typical anodic corrosion inhibitor, or soluble glass, to the water, Sodium nitrite increased the rate of abrasion 
by 50%, 


Sodium sulfite and sodium hexametaphosphate are cathodic inhibitors for steel corrosion, retarding those 
corrosion processes which proceed with oxygen depolarization (8, 9], The’ first of these is oxidized with relative 
ease in aqueous solutions by atmospheric oxygen; at a concentration of 1000 mg/liter it lowered the rate of 
mechanicocorrosional abrasion by approximately 25%. Figure 2 also shows results from experiments which were 
carried out with and without addition of sodium hexametaphosphate. The curves make it clear that it is possible 
to diminish abrasion by approximately 25% by addition of this compound, 


Thus, these experiments lend support to the hypothesis that electrochemical processes play an essential 
role in mechanicocorrosional abrasion and bring out the possibility of diminishing the rate of wear of 4x 13 
steel] in aqueous solution by addition of sodium hexametaphosphate, a cathodic corrosion inhibitor. 


The authors wish to express their thanks to M, A. Babichev for his advice on the technique of these experi- 
ments, 
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The synthetic polyelectrolytes are capable of undergoing extensive structural and chemical changes when 
acted on by relatively weak forces and thus can serve as models for the study of certain properties of biological 
polymers, This is particularly true of the stereoregular synthetic polyelectrolytes which resemble the other 
stereoregular polymers in manifesting clearly that diversity and individuality of secondary structural formations 
which is so characteristic of biological systems. 


The present work has involved the preparation of stereoregular isotactic polyacrylic acid (PAA) and a 
study of the secondary structures which arise in this acid and its salts. The isotactic PAA was obtained by 
alkaline hydrolysis of a previously prepared isotactic polyisopropylacrylate. The degree of hydrolysis was con- 
trolled by either potentiometric titration, or by titration with phenolphthalein indicator. Hydrolysis was carried 
to completion, The resulting isotactic PAA precipitated from solution as a white crystalline powder on addition 
of concentrated HCl, crystallization being proven by x-ray analysis, Thermogravimetric experiments with the 
crystalline isotactic PAA were carried out on continuous weighing analytical balances and the results combined 
with microanalytical data to show that crystallization produced a hydrate containing one water molecule for 
every two monomer links, 


The structures of the isotactic PAA and its salts were studied on a JEM-5Y electron microscope with a 
resolving power of 10 A at a direct electrooptical magnification of 18,000-80,000. This microscope was so 
constructed that it was possible to obtain electron diffraction patterns of the rear portions of the specimen which 
was under observation, The specimens of isotactic PAA were carefully purified by electrodialysis, Objectives 


were prepared by evaporation of the solvent from a drop of a dilute solution of the polymer deposited on a 
colloxylin backing, 


Salts of the isotactic PAA were obtained by potentiometric titration of a 1% aqueous hydrate solution 
with barium and sodium oxides and tetramethylammonia, These titrations were carried out with a LP-5 lamp 
and scale potentiometer and a glass electrode, Electron microscopic studies were carried out on specimens of 
isotactic PAA obtained from aqueous solutions whose concentrations ranged from 0,01 to 0.00001%. These 
showed that the polymer formed either separate molecular globules or aggregates of such globules, depending 
on the solution concentration, just as had been observed earlier in work on atactic PAA [2]. 


* A brief note concerning the synthesis of isotactic polyacrylic acid by hydrolysis of polytertiarybutylacrylate 
appeared in the literature [1] after the present work had been completed, 
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The amorphous structure of these aggregates was evident from their electron diffraction patterns, It has 
already been pointed out above that the isotactic PAA crystallized and precipitated from aqueous solution on 
addition of concentrated hydrochloric acid, Study of the crystalline PAA was carried out on specimens deposited 

on a platinum grid by dropwise addition of redistilled 
6 N hydrochloric acid to a 100° aqueous solution of 
the polyacid. Evaporation of the solvent was at 100° 
also, Crystalline bundles (Fig. 1a), spiral ribbons 
(Fig. 1b), and individual monocrystals (Fig. 1c) 

were observed in the specimens obtained from dilute 
solutions (0,0001-0,00001%), 


The crystalline structure of these formations 
was proven by the electron diffraction method (Fig. 
1d). The fact that isotactic PAA crystallized readily 
in the presence of HCl was due to the complete 
suppression of the carboxy! group dissociation with 
elimination of chemical irregularities in the chain 
resulting from the COO” groups of the partially 

Fig. 1. Crystalline polyacrylic acid: a) crystalline dissociated compound, For this reason, the isotactic 
bundles (C sy 0,00001%); b) spiral ribbons (C sw acid behaved as an ordinary stereoregular polymer 
sy 0.0005%); c) individual monocrystals (C in acid medium, 

ws 0.0001 %); 7 electron diffraction pattern of a Specimens of the barium salt of PAA obtained 
nacesig ee icpears from solutions in which the pH ranged from 4.2 to 


10.7 were used for electron microscopic study, Parallel measurements on the viscosities of these barium salt 
solutions were also carried out. 


Fig. 2, Salts of isotactic polyacrylic acid: a) Ba salt; 
b) Na salt at pH 6.75; c) Na salt at pH 7,35. 


The electron microscopic photographs showed dense compacted globule formations over the entire pH 
interval (Fig, 2a), The viscosity of the barium polyacrylate solutions was less than the viscosity of the isotactic 


PAA solutions (at pH 5: Nspec, PABa = 9-07; Nspec PAA = 012), a higher degree of compaction of the 
spherical molecular globules being indicated, 


An entirely different situation was observed in the study of specimens of the sodium salt of isotactic PAA 
which had been prepared by titrating PAA solutions to pH values ranging from 4.2 to 11.5. The electron micro- 
scopic photographs at the lower pH values (i.e,, at the iower degrees of neutralization) showed formations of 
molecular globules, less compact, it is true, than those of barium polyacrylate. There was an unwinding of the 
molecular globules at pH 6,75, as the result of increased dissociation of the carboxy] groups and enhanced 
electrostatic repulsion of the COO 's within the molecule, Bundle-like (fibril) structures built up by parallel 
superposition of straightened molecular chains could be seen on the corresponding electron microscopic photo- 
gtaphs (Fig. 2b). Practically all of the carboxy! groups of the polymer were dissociated at pH 7.5. The 
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molecular chains acquired the same chemical regularity as was seen in the case of completely undissociated 
PAA, This condition was sufficient for crystallization within the bundle and for formation of structured forms 
of high order ranging all the way to individual monocrystals when the chains contained a regular sequence of 
asymmetric atoms (Fig. 2c), In this same pH interval, the curve relating pH and specific viscosity of the 
polyelectrolyte solutions passed through a maximum corresponding to maximum degree of unwinding of the 
molecular chains, or chain aggregates, in solution, The excess of low- molecular ions present at the higher 

pH values screened-in negative charges of the macromolecule and thereby reduced the intramolecular electro- 
static repulsion, The chains assumed the form of globules with a statistical distribution corresponding to maxi- 
mum entropy. Formations of the globular type were observed once more on the electron microscopic photo- 
graphs, 


Fig. 3. Isotactic tetramethylammonia polyacrylate: a) 
fibril type of structure; b) individual monocrystals; c) 
electron diffraction pattern of a monocrystal. 


The phenomena described above for isotactic sodium polyacrylate appeared again, and even more clearly, 
with isotactic tetramethylammonia polyacrylate, Here electron microscope photographs taken near neutraliza- 
tion showed the formation of fibril type structures whose degree of perfection approached that of biopolymers, 
Figure 3a shows a transverse banded ribbon built up of individual bundles and Fig, 3b, individual monocrystals 
of the polymeric salt, The corresponding electron diffraction patterns were fine-banded and thus indicative of 
a high degree of ordering of the structural elements in the formations in question (Fig, 3c), A very interesting 

effect was observed when films of tetramethylammonia poly- 
acrylate were studied under the polarizing microscope, These 
specimens were prepared by 100° evaporation of the solvent 
from a drop of aqueous polymer solution which had been de- 
posited on a slide, Observations were made at 40-60° in order 
to avoid uptake of atmospheric moisture by the hygroscopic 
polymer. 


Figure 4 is a photomicrograph of a thin film of isotactic 

tetramethylammonia polyacrylate viewed in polarized light. 

It is clear that the film consisted entirely of coarse combina- 

tions of rhombic monocrystals whose dimensions sometimes 

reached 100 yp. The fine folded structure of the monocrystals 
Fig. 4, Photomicrograph of film of iso- were well defined. These crystals broke down under the influence 
tactic tetramethylammonia polyacrylate of atmospheric moisture when the specimen was cooled to 20° 
in polarized light. under the microscope, This breakdown began with a deepening 

and widening of the folds. Double refraction disappeared rapidly 
and the concretion of monocrystals was converted into a swollen polymeric film, The monocrystals appeared 
again and in exactly the same form, dimensions, and mutual arrangement as before when the film was warmed 
without changing its position under the microscope. It was possible to repeat this operation several times. This 
effect can be explained only if it is assumed that the swollen polyelectrolyte film (gel) retained coarse structural 
units arranged in a strictly defined pattern. 
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The potentiometric titration curves for the isotactic polyacrylic acid were used to calculate dissociation 
constants and ApK values which determine the conformations of the monomer units. 


The value of pK; for the titration of isotactic PAA by hydrated sodium oxide proved to be 5.5 while 
pK,, for titration with the hydrated tetramethylammonia oxide was 6.3, Assuming the ionization constant for 
the isolated carboxyl group to be Ky = 10" 4.06 gave: 


ApK, = pKi, — pKo = 5,5 — 4,86 = 0,64; 
ApK, = pKi, — pK, = 6,3 — 4,86 = 1,44. 


Thus, isotactic PAA and its salts are characterized by the same basic types of structure, the globular and 
fibril, which have been established earlier for the atactic PAA, 


Here, however, there is a regular sequential arrangement of asymmetric atoms in the macromolecule and 
when the polyelectrolyte chain is chemically uniform, the fibril structures show a higher degree of multiplicity 
and a perfection of form approaching the regular structures of the biopolymers, 
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The stationary-state concentration gradient of one of the two components in an exchange column is 
generally described by an equation of the form [1, 2]: 


it, 


dC 
=eC(1—C)— ’ 


(1) 


in which C is the mole fraction of that component which is being separated out of the binary mixture, ¢€ is the 
coefficient of enrichment, C, is the concentration in the take-off, 1 is the flow in one of the phases, i is 
the flow in the take-off, andH is the height equivalent to one theoretical plate QH.E.T.P.). 


The height equivalent to one theoretical plate is independent of the concentration C, but varies with the 
flow I, the construction and diameter of the column, the type of head, and the dimensions of the latter, Column 


theory aims at expfessing H_ as a function of I and predicting its value for columns and heads of various con- 
structions and dimensions, 


The development of such theory is a complex problem and for practical purposes we generally resort 
to empirical formulas which are of limited validity, The present note aims at establishing the effect of 
longitudinal phase mixing on the value of H. 


Equation (1) and all of the assumptions upon which it is based will be assumed to be valid in what follows. 


More especially, the equilibrium distribution of isotopes between phases I and II will be determined from the 
relation: 


Bi = (2) 


1 


where 6, and 8, are the isotopic ratios in phases I and Il, respectively, 6 = ( 


“ =) a is the separation 


factor, anda=1+ ¢€, € «<1, 


An expression of the concentration difference can be obtained from Eq. (2) by neglecting ¢” and has the 
form: 


C,—C,=eC(l —C), (3) 


Cc being some value lying between C, and Cy». 


The rate of isotopic exchange per unit column length is determined by the equation: 
J = Ig{eC (1 —C) —(C, —C,)], (4) 


in which J is the flow of the light component from phase II into phase 1 and I, is the exchange current. 
The stationary-state flow of the light component along the column is determined by: 


dC, 
dz 


dC, 


iy = —(1—i)C, — Ds, (5) 


the flow of the light component resulting from longitudinal phase mixing being fixed by the third and fourth 


dc 
0. 


members on the right. These members differ from zero when 


The alteration in the flow of the light component with phase I per unit column length is equal to the 
flow of this same component from phase II into phase I and, according to Eq. (4): 


— Da —C)—(C, —C,)). (6) 


The conditions of actual column operation are such that (C, — C,) < €C(1 —C). The concentration 


difference along the entire length of the column (Cy — Cy) can, at the same time, be of the order of one unit. 
From this it follows that: 


(7) 


is sufficiently precise. The last two members of the right-hand side of Eq. (5) can then be replaced by the 
one term, D5 < » D»> = Day+ Dag being the coefficient of longitudinal mixing, a process parameter 
which takes account of effects in both phases. 


The usual practice will be followed in the further steps of the derivation of the column equation, and 
terms containing second derivatives with respect to C will be neglected in the left-hand member of (6), 
Solving (5) for the difference Cy — C, and inserting the result into (6) gives: 


(8) 


dz 
~ i 
The quantity C, has been replaced by C in this transformation, This is permissible since Te 


Evaluation of a from (8) shows that the accuracy in question justifies neglect of members of (6) 
containing this term. 


Examination of (8) shows the expression for the H.E.T.P, to have the form: 


(9) 


This quantity is given by ~ » i.e., by the ratio between phase flow and exchange current per unit 


D. 
Rg Se . The value of the exchange current 


column length when the longitudinal mixing is slight and ly 
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1, is determined by the degree of dispersion of the phases (the surface area of phase contact) and by the 
chemical or diffusional exchange kinetics. 


The determination of the individual contributions to the H.E.T.P, arising from mass exchange and the 
longitudinal mixing is a matter of importance for the experimenter and the designer, especially the latter. 
The experimental methods which are commonly applied to the study of columns do not permit such deter- 
mination for either the stationary state or the operating regime, Each such experiment gives no more than 

D 
a value of H, i.e., the sum a + 26 

It is possible to set up more exact experiments for determining the effect of longitudinal mixing. In 

particular, for operation without take-off, i =0 and Eq, (5) goes over into: 


Ds, + = (C, C;). (10) 


The mixing coefficients D3, and D3, can be evaluated by solving two equations obtained by 
measuring (C, — C,), a and se at two points in the column, This method and others similar to it are 
very difficult to carry out in practice since they impose quite high requirements on the precision of isotopic 
analysis, In our opinion, the following would be a feasible method of determining the coefficients D,, and 
D532. 


A definite additive would be introduced into each of the phases as it entered the column, It would be 
necessary that such additive not pass over into the other phase, A determination of the distribution of the 
additive along the column at various times, or of the time variation of the amount of additive in the phase 
take-off from the column, would permit D3, and D5, to be obtained separately. 


If, it is assumed that the additive was originally concentrated in a sufficiently narrow section of the 
column, the diffusion equation can be solved to give [3]: 


(z—vy t)® 


C(z, t) = (a) 


z being a coordinate measured along the column, t is the time, Q is the amount of the additive introduced, 
v, is the linear rate of movement of the phase, and a” =D, 


The C(L, t) curve covered by Eq. (11) is obtained by introducing the additive at the phase input into the 
column and measuring its concentration at various times at the other end where z=L, The coefficient of 


longitudinal mixing, D, can be found from this curve and Eq, (11). The equation for D assumes the simple 
form: 


CL, (12) 
at the time T = oe 
vy 


It should be noted that D and v,; can be determined in a single experiment by observing the time 
corresponding to maximum concentration at the point L, as given by the equation: 


a? 2 a 
Toax = + (Se) 


and making use of Eq. (11). 
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Thus, with this analysis of the column equation and the proposed methods for the determination of the 
longitudinal mixing, it is possible to fix the true value of the mass exchange per unit column length and the 
contribution to the H,E,T,P, resulting from longitudinal mixing, 
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It is known that the passive state of stainless steels can be broken down in solutions of high oxidation- 
reduction potential and that corrosion will then proceed rapidly according to a mechanism of overpassivation, 
This effect is observed when the steel is at high positive potentials and is due to a loss of protective ability of 
the film as a result of the formation of metallic ions of higher valency [1-6]. Concentrated solutions of nitric 
acid at the boiling point are special instances of media of high oxidation-reduction potential, Thus, the 
potential of a 12-14.N nitric acid solution measured against platinum is 1,4-1.48 v. Corrosion of stainless 
steel in these solutions will lead to the accumulation of ions of those metals which were alloyed in the steel, 
The formation of compounds containing metals of higher valency (Cr®*, Mn’*, Mn‘*, Fe **) is possible here, 


Under these conditions, ions of higher valency can be formed either by the oxidation of lower valence 
ions in the body of the solution or by oxidation of the protective oxide film and the surface layers of the steel, 
It is to be understood that there is a possibility of reduction of metallic ions of higher valency and participation 
of the products of reduction of the medium in the corrosion process, Thus, boiling concentrated HNOs solutions 
containing metallic ions of variable valency are complex oxidation-reduction systems, 


The present communication is devoted to an elucidation of the effect of metallic ions of variable valency 
on the corrosion of stainless steel in boiling solutions,* Insufficient attention has been given to this problem 
despite its undoubted interest [7-9]. It is to be expected that the corrosion products from the steel would have 
a pronounced effect on the corrosion process, 


The high resistance of stainless steel to corrosion in HNOg is known to be related to the stability of the 
passive state over a wide interval of potentials, The most pronounced corrosion of the steel is observed in 
boiling concentrated HNOg solutions. Corrosion is accompanied by a displacement of the potential of the steel 
.into the region of high potentials (the stationary potential of the steel in 14 N acid is in the neighborhood of 
1.3 v, for example) and the cathodic and anodic processes are facilitated thereby. Displacement of the potential 
of the steel into the region of high positive values results in a breakdown of the passive state and corrosion then 
proceeds at high velocity according to a mechanism of overpassivation, It will be shown below that the corrosion 
products function as corrosion accelerators in such case. It should be noted that cathodic reduction of nitric to 


nitrous acid proceeds on a passive surface at low temperatures, and on a metallic surface in the region of over- 
passivation in boiling concentrated solutions, 


* A tempered 1Kh18N9T steel was used in these studies, Metallic ions were introduced into the 12-16 N 
HNOg solutions in the form of nitrates and K,Cr,0}. 
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The corrosion of stainless steel in boiling concentrated nitric acid solutions is increased by the presence 
of Cr3* ions, The corrosion rate increases with the concentration of the acid, with the amount of Cr°* added 
to the acid, and with the time of contact with the solution (Fig. 1), Increase in the corrosion rate is accompanied 
by a displacement of the steel potential toward positive values (Fig. 2) which are so high that corrosion can 
follow a mechanism of overpassivation, The observed rise in the corrosion of the stainless steel with time re- 
sulting from the presence of Cr** ions is to be explained by an increase in the depolarizing ability arising from 
the formation of higher oxides of chromium in the body of the solution and from oxidation of the steel surface, 
The resulting Cr®* ions are effective depolarizers and 


g/m? hr cause enhanced corrosion of the steel, There is ample 
60 opportunity for the formation of compounds containing 
i chromium of higher valencies in boiling concentrated 
50+ 2 HNO, [5, 10] since the potentials of these solutions are 
higher than the equilibrium potential for the reaction 
cr** == Cr 


20 


10} 


0/05 2 + 
Fig. 1, The effect of Cr®* on the Fig. 2. Curves showing potential as a 
rate of corrosion of stainless steel function of holding time of stainless steel 
in boiling solutions of 12-14 N in boiling 14 N HNO, containing cr**;, 
HNO; as a function of time: 1) 1) without addition; 2) 1 g/liter Cr**; 
5 hours, 14.N; 2) 10 hours, 14 N; 3) 5 g/liter Cr**, 


3) 10 hours, 12 N, 


This fact was confirmed by our other experiments, Thus, the introduction of Cr** into boiling concen- 
trated HNOg solutions in the form of Cr,O, (this oxide is known to be sparingly soluble in acids) considerably 
increases the rate of corrosion of the steel. In addition, it should be remembered that corrosion will reduce 
the Cr&* to Cr** which will then be reoxidized to the higher oxide in the body of the solution, 


It has been shown repeatedly in our laboratory that the introduction of Cr®* into nitric acid solutions 
leads to an increase in the rate of corrosion of stainless steel, Corrosion proceeds quite rapidly in boiling con- 
centrated HNOg solutions containing Cr®* at high positive potentials of 1,3-1.4 v. The curve showing corrosion 
rate as a function of time passes through a maximum, The rate of corrosion eventually levels off at a value 
which is dependent on the concentration of chromium ions in solution, The existence of such a relationship is 
clearly tied up with the oxidation-reduction processes which take place in the solution and on the steel surface, 
i.e., with the eventual establishment of a Cr®* = Cr8* equilibrium. 


Corrosion of the stainless steel causes a large amount of iron to pass into solution where it exists as Fe **, 
the medium being a strong oxidizing agent, Experiment shows that the presence of the Fe ** ions in boiling 
concentrated nitric acid solutions leads to a pronounced corrosion of the steel, The corrosion rate increases 
with the Fe ** concentration of the solution (Fig. 3), At lower temperatures (down to 100°) no increase in the 
rate of corrosion of the steel is noted in these solutions, the steel being in the passive state. There is also pro- 
nounced corrosion of the steel in boiling dilute HNO, solutions which contain considerable quantities of Fe **, 
In each case, acceleration of corrosion is accompanied by a displacement of the potential to positive values 


which are high enough to facilitate the cathodic processes and permit corrosion to proceed according to a 
mechanism of overpassivation (Fig, 4). 


Our work has shown that addition of MnO, to nitric acid solutions will accelerate the corrosion of stainless 
steel markedly, even at low temperatures. No similar effect is observed on adding Mn?* to these solutions, 
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On the other hand, Mn®* is readily oxidized to ions or compounds of higher valency in boiling concentrated 
nitric acid solutions and thereby increases the corrosion rate, This rise in the corrosion rate is accompanied 


by a displacement of the potential into the region of high positive values and the cathodic process is markedly 
promoted, 


hr 
4 


25 50 


| 
05 


Fig. 3, The effect of Fe* on the rate Fig. 4. The effect of metallic ions 
of corrosion of stainless steel in boiling (25 g/liter) on cathodic polarization 
HNOg solutions (duration of experi- of stainless stee] in boiling 12 N HNO, 
ments, 10 hours): 1) 12N; 2) 14N, solutions: 1) without addition; 2) 
Fe**; 3) Mn?*; 4) cr®*; 5) 

Ni** ions impede the cathodic process and reduce 1 g/liter Cr®*, 

the corrosion rate of stainless steel in those cases where 

corrosion follows a mechanism of overpassivation, 


Thus, the observed increase in the rate of corrosion of stainless steel in boiling concentrated nitric acid 


solutions with the passage of time is the result of an accumulation in solution of corrosion products in the form 
of metallic ions of variable valency (Cr, Mn, Fe). 
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We have shown earlier [1-3] that overlapping of the tracks of ionizing particles in irradiation at dosage 
rates of approximately 10% ey/ml+sec, or higher, alters the yield of radical and molecular products from the 
radiolysis of water and thereby leads to a marked diminution in the yield of Fe $* in irradiation of aqueous 
sulfuric acid solutions of ferrous sulfate in air and to an increase in the yield of Ce** in irradiation of aqueous 
sulfuric acid solutions of ceric sulfate, The study of the effect of high dosage rates on the course of radiolytic 
transformations in aqueous solutions has been extended by investigating the radiochemical processes in sulfuric 
acid solutions of mixed Ce** and T1* sulfates at dosage rates ranging up to approximately 10" ey/ml-sec. 


These high dosage rates were obtained through single monoenergetic pulses of 0.8 Mev electrons which 
were produced in the accelerating tube of a linear accelerator [2, 3]. The experimental technique and method 
of measuring the dosage rate have been described in our previous communications [2, 3]. Doubly distilled water 
was used in each experiment, The following reactants were employed: ceric sulfate (“pure" grade) recrystallized 
twice from doubly distilled water to which a small amount of sulfuric acid had been added; thallous sulfate 
(analytical grade) recrystallized from doubly distilled water; cerous sulfate (analytical grade) and sulfuric acid 


HM/ ml - 10? 
ions/100 ev 
uv 
& 
10 10” ev/ml*sec 0 
Dosage rate 4 6 2 H#ev/ml 
Fig. 1. The relation between Fig. 2, The relation between the reduction 
G(Ce**) and dosage rate in the of Ce** in the presence of 10°? M TI* and 
Ce4* — TI* system (Ce con- the dose at a dosage rate of 5-10" ev/ml-sec, 


centration, 2-107 M; T1* con- 
centration, 107? M), 
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(chemically pure grade), neither of which were subjected to preliminary purification, These solutions were 
irradiated in a glass cell with a glass membrane approximately 60 y thick, The irradiated volume was 7 ml 
and the depth of the liquid layer, 5 mm, 


The amount of Ce** formed by irradiation was determined spectrophotometrically, The molar extinction 
coefficient of Ce4* in 0.8 N H,SO, was assumed to be equal to 5580 at 320 mu [4], The T1** was determined 
indirectly, The amount of Ce‘* in the irradiated solution was first determined spectrophotometrically and a 
107 M solution of Mohr's salt in 0,8 N H,SQ, then added. A certain amount of Fe?* was oxidized by the T1°* 
and the Ce**, Knowing the amount of Ce4* in the solution, the T1** content could be obtained from a spectro- 
photometric determination of the Fe** concentration, This method preved to be satisfactory for irradiation at 
dosage rates up to about 10% ev/ml-sec, It was not sufficiently precise at higher dosage rates where the T1°* 
concentration was very low, 


Use was made of an air-saturated 0.8 N sulfuric acid solution containing 2+ 10°* M Ce4* and 10°? M 
T1* in studying the effect of high dosage rates on the G(Ce**) value for mixed Ce** — T1* solutions, The 
value of G(Ce**) for Co™ y~ irradiation at dose rates of 2,5° 10% ev/mlesec is 7.9 ions/100 ev [5] and is 
independent of the T1* concentration over the range from 107? to 1075 M, Our experiments on the irradiation 
of mixed Ce** — T1* solutions of the concentration indicated with a continuous electron current of 0.9 Mev 
and a dose rate of 9.4°104% ev/mlesec gave a value of G(Ce**) of 7.6 4 0,2 ions/100 ev. The slight 
difference between this result and the value of [5] obviously arises from the fact that our dosage rate was greater 
by a factor of four, 


There was a pronounced diminution in the value of G(Ce**) with non dose rate in electron pulse 
irradiation of Ce** — T1* solutions, The results are presented in Fig. 1. The Ce** — T1* solutions were 
irradiated with from 1 to 50 electron pulses, depending on the dosage rate.* Each value of G (Ce **) represents 
the mean of 5-15 measurements, 


Figure 2 shows the relation between the formation of Ce** in 0,8 N sulfuric acid solution with 2.1074 M 
Ce (SQy), and 10°? M T1,SQ,4 and the dosage in impulse irradiation at a dose rate of 5° 10” ev/ml: sec, The 
value of G(Ce**) is somewhat dependent on the initial T1* concentration at the high dosage rates, It is to be 
seen from Fig. 3 that G(Ce**) rises with increasing T1* concentration and is proportional to the logarithm of 
the T1,SQ4 concentration. Addition of Ce** to the Ce** solution diminishes the value of G(Ce**), Figure 4 
shows the relation between G(Ce**) and the concentration of the Ce,(SO,), added to the solution originally 
containing 2:10 M Ce‘*, the dosage rate being approximately 5- 10% ev/ml: sec; data from [5] for a 
dose rate of 2,5°10% ev/ml* sec are also included for comparison. 


Our values of G(T1**) at high dosage rates are presented below, each being the mean of 5-12 measure- 
ments; from them it is clear this quantity diminishes markedly as the dose rate rises, 


Dose rate, ev/ml* sec ~ 10% 5-107 


G(T15*), ions/100 ev 1.54015 0.44 0.2 


According to [5), the mechanism of radiolytic reaction of Ce** and T1* in 0.8 N sulfate solutions can 
be expressed by: 


H, OH, He, H202; (0) 
+ H > + Ht; (1) 

4- 11,02 + 2H+t + Oz; (2) 
TI+ + OH TI?+ + OH-; (3) 


Nett + + (4) 


* There was a certain averaging out of the dose rate over the volume of the solution in these experiments. 
This would not essentially affect the value of G(Ce**), 
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It follows that 


G (Co™) == Gy + Goy + 2611.0, 


G Gou (6) 


Gy» Gop, and Gy 20 being the yields of the respective products as obtained in the radiolysis of water. 


The present study was set up on the assumption that measurement of the yield from the radiational 
reactions in the Fe*, Ce**, and Ce4t — T1* systems would permit a quantitative evaluation of the altera- 
tion which overlapping of the tracks of the ionizing particles would produce in the yield of radical and molecular 
products in the water radiolysis, According to [5, 6], at low dosage rates 


G = + Goy + 2644.0, 


(7) 


for diluted 0.8 N air-saturated aqueous sulfuric acid solutions of Fe 2+ and 


(8) 


G (Ce™) = — Go 2Gi1,0, 


for diluted 0.8 N aqueous sulfuric acid solutions of Ce**, The following expressions can now be obtained from 
5, 7, and 8: 


G (Ce™),, — G = (9) 
3G (Ce™), G = + 2Gon. (10) 


Substitution of our values of G (Fe G(Ce**), and G(Ce * at dosage rates of approximately 5°10” 
ev/ml* sec into these expressions led to negative values of Gyy 20, at all of the investigated T1* concentrations. 


Ions/100 ev 


Ions/100 ev 


62 

zl 

S 

(r1,$0,] er” liter 

Fig. 3. The relation between G(Ce**) Fig. 4, The relation between G (Ce **) and 
and the Tl,SQ, concentration at a the Ce 8* concentration at dosage rates of: 
dosage rate of 4.5- ev/ml-sec 1) ey/mi+ sec; 2) 25-10% 
(Ce** concentration; 2-1074 M). ev/ml-sec [5]. 


* G(Fe**) and G(Ce**) had been determined earlier [2, 3]. 
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From this we assumed that at high dose rates the T1*+ formed through reaction 3 could either interact 
with Ce** according to reaction 4 or enter into side reactions, Chief among these latter reactions would be 
the reduction of T1** by hydroperoxide radicals or H atoms:* 


TI?+ + HO, — + H* + 


(11) 
or, possibly, reduction by hydrogen peroxide: 
TI*+ 4- + H* + 
Disproportionation of the T1?* according to 


2TI2+ — T1+ + TIS, (13) 


probably plays a very significant role here since, within the limits of experimental error, */, [G(Ce**)..)+ — 
- G (ce**)) = G(T1**), 


It is quite likely that there is a reverse reaction involving T1** and hydrogen peroxide when the dosage 
rate is high: 


+ — + H+ + HO, (14) 


> TI+ + 2H+ + (15) 


This supposition is confirmed by the fact that the relation between the reduction of Ce** in the presence 
of TI* and the dosage is no longer linear when the dosage is high (see Fig. 2), The role of side reactions of 
T1** ions in the radiational transformation of Ce** in the Ce4* — T1* system is a minor one for irradiation 
at low dosage rates, 


The increase in G(Ce **) with increasing T1* concentration is clearly to be explained in terms of a 
competition between reactions (3) and (16) and (17):** 


H + OH — H,O; (16) 


+ OH HO; + H,0. (17) 


In all likelihood, the decrease of G(Ce**) with increasing Ce** concentration is the result of a competition 
between (19) and 


+ OH + OH- (20) 


just as is the case at low dosage rates [5]. 


* This reaction clearly leads to a reduction in the value of G(Ce**) 74+. 
** The significance of reactions (16) and (17) for radiolytic transformations in aqueous solutions increases 


markedly at high dosage rates where there is overlapping of the tracks of the ionizing particles, and the same 
is true of: 


H +H — He; (18) 
OH + OH — H,03. (19) 
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It should be noted that the relation between G (Ce **) and the Ce** concentration is most clear-cut at 
the high dosage rates. Curves covering these relations at dose rates of approximately 5° 10” and 2,5° 10% 
ev/ml: sec, respectively, intersect. From a Ce** concentration of approximately 107* M on, the G(Ce **) 
value for a dose rate of approximately 5° 10 ey/ml+ sec is greater than the corresponding value for a dose 
rate of 2.5:10 ev/mi+ sec, Thus, it is necessary to introduce about 10-? M of a Ce®™ salt into a solution 
containing Ce4* in order to suppress the formation of those additional quantities of H,O, which would result 
from (19) by overlapping of the tracks of ionizing particles, At Ce 5* concentrations in excess of 107? M, 
the principal alteration in G(Ce**) at high rates of dosage is that due to the diminution of Gj resulting from 
the overlapping of the tracks of the ionizing particles, 


Thus, competition between radical~radical and radical —dissolved substance interactions, and side reactions 
between the intermediates, become increasingly significant to transformations in aqueous solutions as the dosage 
rate is increased and the radical concentration rises, 
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The life of electrical contacts in heavy-current apparatus is determined principally by the thermal 
stresses which arise under working conditions. These stresses are largely conditioned by the thermal stability 
and conductivity of the contact material and by its rate of vaporization, a factor which depends on the melting 
point as well as on the other characteristics which have been mentioned above. For this reason, there have 
been repeated attempts to develop complex multicomponent contact alloys having both high thermal con- 
ductivity and high melting point. Silver and tungsten have usually served as the basic elements in these alloys, 
Here the problem of possible penetration of silver into tungsten by diffusion, or by other processes proceeding 
at temperatures of the order of 1000°, takes on great significance, The phase diagram for the Ag— W system 
has been studied only inadequately, but Hansen has claimed in his monograph [1] that silver and tungsten do 
not form solutions in either the liquid or the solid state, It should be noted, however, that this claim of Hansen's 
was based on the work of [2] and [3] which was based, in turn, on techniques of relatively low sensitivity, 


We are, furthermore, now familiar with certain processes such as the aggregation of solid tungsten particles 
in molten silver which are consistent with the supposition that tungsten does dissolve, 


We have used radioactive isotopes in an attempt to establish the possibility of penetration of silver into 
tungsten, For this purpose tungsten sheets were held in liquid radioactive silver at elevated temperatures for 
extended periods, Measurements of the sample activity were then used to determine the total amount of silver 
which had penetrated into the tungsten, 


The experimental procedure was as follows, Sheets of rolled technically pure W, 0,015 x 0.4 x 1.2 cm’, 
were embedded in silver which had been enriched with the Agi? radioactive isotope and contained 0.01% Si, 
0.01% Fe, 0.01% Cu, and 0.001% Al, The resulting block was placed in a quartz crucible which was then 
inserted into the tube of the apparatus (see Fig. 1), This tube was evacuated to a pressure of the order of 10-4 
mm Hg and then filled with helium to a pressure somewhat in excess of atmospheric, A tubular furnace in 
which the desired working temperature had been already established was then moved up over this system, The 
tungsten was kept immersed in the liquid radioactive silver for periods ranging from 4 to 24 hours, A fine tung- 
sten wire was sealed to each tungsten plate at the outset and was used to withdraw it into the cold region of the 
tube at the end of the holding period. 


A chromel-alumel thermocouple in circuit with a PPTV-1 potentiometer was used to control the furnace 
temperature during an experiment. The working temperature was held constant to within 4 1.5° by manual 
adjustment, using a LATR-2 autotransformer. The low inertia of the furnace and careful check on the rate of 
heating made it possible to hold the temperatufe constant to within the limits indicated above. 
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The specimen was cooled, taken out of the experimental tube, and the excess silver covering its surface 
removed by treatment with dilute HNOg in a TS-15 M thermostat at 40°, After acid treatment and repeated 
washing in dilute HNOg and distilled water, the sample was dried and its activity determined on a VSP counter, 
Completion of removal of the adhering silver was shown by a preliminary experiment in which the tungsten 
sample was embedded in silver enriched with the radioactive isotope and removed without heating. Such 
procedure assured that there would be practically no penetration of silver into the tungsten. The count on 
these samles, after the above-described chemical treatment, was no higher than that of the background, In 
addition, a number of preliminary experiments were carried out to evaluate the effect of various secondary 
factors which might tend to increase the activity of the specimens during preliminary treatment, These ex- 
periments involved heating at 1000° for 8, 16, and 24 hours, and at 1080°, for 4, 8, 12, and 16 hours, 


Measurements of the activity of the samples took 
sa wc account of the alteration of the background, the time 
iF Introdyption rate of decrease in the sample activity, self-absorption, 

8 -irradiation, and the formation of secondary 6 -electrons 
through y-irradiation, The resulting data permitted an 
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Fig. 1, Schematic repre- 


Fig. 2, The relation between the 


sentation of the experimental sample activity and the time of 

tube: 1) cock for raising heating in liquid silver. 

sample; 2) fine wire support 

for plate; 3) thermocouple; evaluation of the number of counts per unit of sample 

4) experimental tube; 5) surface per unit time, These data are presented in Fig. 2, 
crucible; 6) liquid silver; The specific activity of the silver was combined with the 

7) tungsten plate; 8) tubular count coefficient to determine the total amount of silver 

furnace, which had “penetrated” through the tungsten surface at 


each temperature, 


Since the specimens were far from being saturated with silver even after a 24-hour heating, there was no 
possibility of relating the silver contained in the tungsten to the entire sample mass, A rough evaluation of the 
depth of penetration of the silver into the tungsten was made by removing a layer 20 u deep from both sides of 
the plate. Count on this sample proved to be no higher than the background itself. Figure 2 shows that there is 
a linear relation between the number of counts per unit surface per unit time and the duration of heating at each 
of the temperatures. This justifies the assertion that this is not a case of diffusion. Clearly some other process 
of penetration comes into play here, This differs from diffusion insofar as it is characterized by a constant rate 
of penetration at fixed temperature, the value of which is 7.62-107® g/cm?+sec at 1080°, The energy of 


activation, E, of this process was calculated from the slope of the experimental straight lines and proved to be 
equal to 825,000 cal/g-at. 


An additional factor which might aid in explaining the penetration of the silver into the tungsten is the 
marked diminution in the hardness of the latter during extended heating in molten silver, This led to dis- 
integration of the tungsten plate in a number of instances. In this light, penetration of Ag into W could be 
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explained as a process of attack of the tungsten grain boundaries by molten silver. The silver atoms then 
penetrate into the resulting “pores". This process should be linearly dependent on time and would, therefore, 
be reflected in the experimental curves, Numerous cases of such disintegration of metals during heating in a 
foreign metallic liquid has been observed. 
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It has been reported in the literature that the cation of the salt of carboxylic acid has a considerable 
effect on the yield of products formed at the anode during Kolbe electrosynthesis [1-3]. The effect of the 
nature of the cations on the anode process has also been observed in a number of other anode reactions which 
occur at high potentials, Izgaryshev et al. reported that the nature of the cations has an effect on the yield 
of persulfuric acid during the anode oxidation of sulfuric acid and associated this effect with a change in the 
degree of hydration of hydrosulfate ions (4, 5], Erdey -Gruz and Safarik consider that cations added to sulfuric 


acid in the form of sulfates change the oxygen overvoltage on the anode due to their effect on water molecules 
adsorbed in the double layer (6, 7]. 


The Kolbe electrosynthesis proceeds at high anode potentials and, as in the case of the electrosynthesis 
of persulfuric acid, involves dimerization of free radicals formed as a result of discharge of anions [8]. However, 
while a series of regularities in the change of anode polarization and product yields in relation to the nature of 
the cation were observed in the electrosynthesis of persulfuric acid and attempts were made to explain the 
phenomena observed, this cannot be said of the Kolbe electrosynthesis. Though it has been reported that there 
is a connection between the hydrocarbon yield and the nature of the cation of the carboxylic acid salt, no 
regular relation could be observed and there is no satisfactory explanation of this connection in the literature, 
It therefore seemed interesting to study the effect of cations on the anode process in the Kolbe electrosynthesis, 

Using the procedure we described previously [8], 


ves) we studied the behavior of acetates of the following 
26r ree cations on a rotating platinum anode: Li*, Na*, K*, 
NH; Rb*, Cs*, (CH,),N*, Mg®*, ca?*, sr**, 
I same time, we studied the effect of the nature of 
t the cations on the yield of the main products from 
22r the Kolbe electrosynthesis, namely, carbon dioxide 
“i and ethane, on a smooth, stationary platinum 
2 electrode on an apparatus which made it possible 
4! ; . to analyze the gas at separate points on the polariza- 
é tion curve, 
Fig. 1, Polarization curves of against log I for 
0.1 N alkali metal acetates. 1) KOOCCH,; 11) electrosynthesis proceeds at potentials which are 
NaOOCCH,; Ill) LiOOCCH,. more positive than the potentials corresponding to 


oxygen liberation, On the polarization curve, the 
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beginning of anode discharge of carboxylate anions is preceded by the wave of oxygen liberation and maximum, 
whose appearance is associated with retardation of oxygen liberation as a result of adsorption of anions, As the 


polarization curves showed, the nature of the cation strongly affected the first section, corresponding to oxygen 
liberation as a result of the discharge of water molecules,and this led to a sharp change in the maximum current 
(Fig. 1). The effect on the second part of the curve, corresponding to the discharge of acetate ions, was very 


slight. 


fia 


Or 


| 
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Fig, 2. Relation of the logarithm of maximum 
current to the logarithm of acetate concentration, 


05 

Fig. 3, Relation of the logarithm of maximum 
current to the logarithm of the concentration for 
acetates of divalent metals, 


or 


Figures 2 and 3 show the relation of the 
logarithm of the maximum current to the logarithm 
of the acetate concentration, The nature of the 
cation had little effect on the maximum current in 
concentrated solutions. However, the more dilute 
the solution, the greater was this effect and this was 
difficult to explain by the dehydrating action of the 
cation on the anion, 


Starting with these considerations, we chose 
0.2 N acetate solutions for carrying out electrolyses 
to collect and analyze the gases, 


An examination of the relation of the maxi- 
mum current and the nature of the cation clearly 
shows the connection between this phenomenon 
and the cation radius. The greater the radius of 
the cation, the lower is the maximum current, i.e., 
retardation of oxygen liberation and the discharge 
of acetate ions begin earlier, Thus, it is to be 
expected that electrolysis of the acetate whose cation 
has the maximum radius will give the maximum 
yield of the main products from the Kolbe electro- 
synthesis, The nature of the cation affects not only 
the maximum current, but also its relation to the 
concentration, expressed by the equation Ima, = 


= a [8], ie., the value of A andn, The greater 


the cation radius, the lower is the maximum current 
and the less it depends on concentration, Table 1 
clearly illustrates the effect of the nature of the 
cation on the anode process in the Kolbe synthesis 
with respect to the magnitude of the cation radius. 


From Table 1 it follows that the maximum 
yield of Kolbe electrosynthesis products is obtained 
in the electrolysis of acetates whose cations have 
the greatest radius, The attainment of maximum 
yield corresponds to the greatest fall in maximum 
current, i,e., to the strongest suppression of oxygen 
liberation, 


The effect of the nature of cations on the anode process is probably connected with the adsorption of 
cations in the double electrical layer, To elucidate this question, we measured the displacement in the electrode 
potential from the initial v.-lue in the potential region from 0.5 to 2,0 v_ relative to a normal hydrogen electrode 
when cations were added to solutions of acetates of other cations, Ina study of the addition of cations K*, Rb*, 
Cs* and (CHg),N* to 0,1 N lithium acetate and 1 N sodium acetate, it was observed that there is a linear 
relation between the adsorption displacement A ¢ and the logarithm of the concentration of added cation, i.e., 
Ag =b log C, An analogous relation was found by Erdey-Gruz and Safarik [7]. This relation was observed only 
at very low additive concentrations (from 10°® to 10"? N). At an additive concentration above a definite value, 
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further increase in concentration produced no further potential displacement. 
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The greater the difference in the radii of the cations of the base electrolyte and of the acetate introduced, 
the stronger was the potential displacement in a positive direction produced by adsorption, The greater the 
cation radius, the lower was the concentration at which no further potential displacement was observed. 


TABLE 1 


Relation of Carbon Dioxide and Ethane Yield to the Nature of the Cation, Anode Current 
Density 10 amp/dm?, Acetate Concentration 0,2 N 


Sas 

Lit 46,8 |0,63 64,0 | 0,60 |} (CHs)4N+} 11,2 [0,205] 76,2 
Nat 38,9 0,63 66,2 | 0,95 Mg?+ 61,5 |0,54 0,65 
K+ 22,4 10,49 68,2 | 1,33 |} 51,4 | 0,56 61,4 0,99 
NH4* 17,35 |0,42 68,7 1,43 || 38,9 |0,545! 61,7 1,13 
Rbt+ 15,85 {0,380} (66,4) | 1,48 || 30,9 | 0,46 68,3 1,35 
Cs* 13,5  }0,280 1,99 


There was an analogous change in the maximum current corresponding to retardation of oxygen liberation, 
It was observed that the acetate introduced reduced the maximum current only if the radius of its cation was 
greater than the radius of the cation of the acetate forming the base electrolyte, For example, if tetramethyl- 
ammonium or cesium acetates were added to sodium acetate solution, there was a sharp decrease in the maxi- 
mum current, If acetates whose cations had a smaller radius than the base electrolyte cations were introduced, 
then this gave no effect at all, i.e,, no change in the maximum current or potential displacement was observed, 


It is probable that the observed phenomenon can only be explained by assuming that cations form part 
of the electrical double layer at the anode, The introduction into the solution of the acetate of a cation with 
a large radius and, consequently, a high adsorption power on the given electrode apparently leads io its pre- 
dominant adsorption on the electrode, The addition of a cation with a lower adsorption power than the base 
electrolyte cation leads to no change in the structure of the double layer or a potential displacement. Con- 
sequently, the cations may be arranged in the following series with respect to adsorption activity on smooth 
platinum: 


(CHs)4N* > > Rbt > NHgt > K+ > Nat > Lit. 


In the work of Obrucheva [9], it was concluded that cations whose electron shell did not have the con- 
figuration of noble gases may show strongly expressed specific adsorption, Specific adsorption of Cs* on a Hg 


surface on which F~ ions were adsorbed was detected in the work of Damaskin, Nikolaeva-Fedorovich, and 
Frumkin [10]. 


We also studied the specific action of variable- valence cations T1*, Co?*, Mn?*, pb** and it was shown 
that the action of these cations is connected not with their activity as “catalysts of hydrogen peroxide decom- 
position,” as was proposed by Glasstone and Hickling [1], but with the change in the state of the electrode 
surface in the presence of these cations, The surface changes due to the formation on the electrode of deposits 


of oxides of these metals (MnO, and PbO,), It is also possible that a new electrode process occurs on the 
electrode (Co”* —e -- Co®*, Tl* -2e => 
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The luminescence of organic solutions of luminophores under y -radiation and ultraviolet excitation plays 
an important part in the study of energy transfer processes in material. By making use of luminescence (in 
particular, quenching of luminescence) it is possible to find the cross sections (or values proportional to the cross 
sections) of elementary reactions involving excited molecules in solutions [transfer of excitation energy from 
solvent molecules to molecules of the fluorescing substance (activator) or quencher, luminescence of activator 
molecules, etc, 


Up to now, luminescence methods have been used usually for investigating intermolecular transfer of 
excitation energy (see appropriate literature in [1, 2]). However, in principle, it is possible to use the lumines- 
cence method for investigating intramolecular energy transfer along molecular chains of different types, For 
this purpose one could try to choose substances in which the molecular chain interesting us is connected to a 
functional group capable of either emitting energy absorbed by the molecule (or transferred to the molecule by 
a “neighbor") or having a quenching action, It is precisely this second variant which was used by the authors 
on the example of the quenching of luminescence of terpheny! in dioxane by alcohols with aliphatic chains of 


various lengths (methy1, ethyl, propyl, hexyl, and nonyl alcohols), The luminescence was produced by weak 
y -tadiation from an external source, 


Let us examine a formal scheme of all the processes which may occur in principle with excited molecules 
in such a solution, which has first been freed from dissolved oxygen (Table 1), In the table, S, F, and Q denote 
solvent, activator, and quencher molecules, respectively, and a star marks the excited state, 


Processes 1-3 are primary excitation processes; due to the low concentrations of activator and quencher 
used in our experiments, processes 2 and 3 have a weak effect on the light yield of the solution and we may 
neglect them for the present. In the case of terphenyl, process 13 can also be neglected [3]. 


From a consideration of the general scheme, it is possible to obtain the following kinetic equations: 


dn; 
= N — (Pat Ps + Po + Pa + Pat Po) Ms, 
(1) 
ny 
= Pets — (Pio Par + Pia + Pra) 


where n*, and n*; are the concentrations of excited solvent and activator molecules; N is the number of solvent 
molecules excited per second per unit volume; pg — pyg and py are the specific rates of the corresponding 
processes where pz=KqM, pg = Pp = Kole , = kz, kg, Kg, and ky, are the rate constants of the corre- 
sponding elementary reactions; ng and ng are the concentrations of activator and quencher molecules, 


aS 
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TABLE 1 


1,S—-S° Formation of excited solvent molecules by the . 
> action of y -radiation, 
2, FoF Formation of excited activator molecules by the 
action of y -radiation, 
3. Q—> Q Formation of excited molecules of quenching agent 
by the action of y-radiation, 
4. S*°—S + photon Luminescence of excited solvent molecules 
5. S°-S Spontaneous deactivation of excited solvent molecules 
(radiationless transition) 
6. S*+S—>S+S Self- quenching of excited solvent molecules 
1, S°+F>S+F “Quenching™ of excited solvent molecules by activator 
molecules 
8. S*+QO7-S+Q Quenching of excited solvent molecules by molecules 
of quenching agent 
9. S*+F>S+F°* Transfer of excitation energy from solvent molecules 
to activator molecules 
10, F* + F + photon Luminescence of excited activator molecules 
11, F*>F Spontaneous deactivation of excited activator 
molecules (radiationless transition) 
12. F°+S +F+S Quenching of excited activator molecules by 
solvent molecules 
13, F°+F > F+F Self- quenching of excited activator molecules 
(concentration quenching) 
14, F°+Q—>F+Q Quenching of excited activator molecules by 


molecules of quenching agent 


For stationary states, the ratio of the light yields of solutions I and II with concentrations nj, ng, and 
Ng aNd ngyy, Ngy, aNd Nay, respectively, of solvent, activator, and quencher from Eq. (1) equals 


(2) 
ny ll (1 + yng, + | + 


Pio + Pur + Pir’ Pat Pst+po’ ~ ps+ 


By measuring 1j/1jj for different combinations of ngj, Ogi, Dgyy aNd Ngyy, it is possible to use (2) to 
determine successively z, y, and x. 


EXPERIMENTAL AND RESULTS 


The photometric cell was charged with 5 ml of quencher solution and 10 ml of activator solution in 
dioxane at a definite concentration; the mixture obtained was flushed with nitrogen for 5-7 minutes to remove 
oxygen. The light detector was a FEU-19 photomultiplier, fed with a potential of 1400 v from a stabilized, 
high-voltage rectifier. The geometry was strictly constant for all the measurements, The y-radiation source 
was the isotope Co™, The dose strength was approximately 5.4 r/hr in all experiments, A measure of the 
relative light yield of the solution was the photomultiplier current, which was measured with a class 0,5 micro- 
ammeter, The sensitivity of the photomultiplier was checked before each measurement with a standard (stilbene 
crystal) and an appropriate correction introduced. 


The experiments were carried out at room temperature, The relative light yield of the solutions in our 
experiments was measured for three terpheny] concentrations (2,89+1078; 7.23°1078; 2,89°10°? mole/liter). 


N 

where 
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The ranges of quencher concentrations were as follows: methanol 0.21-1.03, ethanol 0,14-0.73, propanol 
0.11-0.56; hexanol 0.07-0.34, and nonanol 0,05-0,24 mole/liter, 


The procedures described can be used if the fluorescence 


spectra of the quenched and unquenched solutions do not differ 
30} appreciably. It is known [4] that the emission spectrum of a 
{ toluene solution of terpheny! shows no appreciable change when 
methanol is added (up to 30 vol. %), It may be assumed that this 
25} is also the case for the other alcohols we investigated. 


Table 2 gives the values of x, y, and z for the five alcohols 
and a dioxane solution of terphenyl, Each value is the mean from 
the results of several determinations by formulas derived from 
; expression (2), 


An examination of the data in the table for y and x shows 
that: 1) the quenching is caused mainly by the reaction of excited 
re solvent molecules with alcohol molecules; 2) the quenching cross 
section increases linearly (within the limits of experimental errors) 
with the length of the ~CHz~ chain (number of carbon atoms) in 
the alcohol molecule. For clarity, this relation is illustrated 


Quenching cross section 


= 
S 
reo 


graphically (see Fig. 1). 
; The increase in quenching cross section with an increase in 
the length of the ~CH,~ chain might be ascribed to the capacity 
of the chain itself to show a quenching action. Special experiments 
Number of cafbon atoms were carried out in which an equivalent number of moles of the 
corresponding hydrocarbon was added to the solution instead of 
Fig. 1, Relation of quenching cross alcohol, It was found that there was hardly any quenching, 
section of solvent in arbitrary units to 
the length of the ~CHy~ chain, Thus, in the given case there is apparently justification for 


the energy transfer scheme in which the ~CHg~ chain acts as an 


TABLE 2° 


Luminescing Zz, ye 
Quencher solution liter/mole | liter/mole liter/ mole 


Methanol CH;0H to in 415+12 0,66+0,09 |0,04+0,02 
Ethanol C,H;OH oxane 115412 0,934+0,15 |0,07+0,02 
Propanol C3H;OH 1154-12 1,18-+-0,16 
Hexanol 1154-12 1,82-+0,55 
Nonanol CyHygOH 115412 2,88+0,42 |0,17+0,05 
Water 1145+12 | 0,23-£0,03 


Carbon tetrachloride Terpheny] in 
xylene 62 28 18 


415 217 10 


» » 


* For comparison, we give values characterizing quenching by water and carbon tetra- 
chloride of the luminescence of a solution of terpheny!] in dioxane (our own measure- 
ments) and xylene (results taken from [3]). 


“antenna® which receives and transmits energy to the OH group and, in general, produces scattering of this 
energy in an unknown manner. It is interesting that right up to the longest chain, which consists of nine carbon 
atoms, the cross section increases linearly with the chain length. This indicates that the probability of energy 

transfer along such a chain is much greater than the probability of its transfer from the chain to a "neighbor", 


: 

weer 

he 

4 
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Naturally, a scheme in which the capacity of the chain to transfer energy and the capacity of the OH 
group to scatter it are, so to speak, added is approximate. In actual fact, it is naturally impossible to consider 
that the system of excitation levels of ROH can be divided into independent systems of R and OH, However, as 
the chain grows longer, this approximation should apparently become more accurate, 


The results obtained on the transfer of energy along the ~CH,~ chain naturally may be treated from the 
point of view of charge transfer as always in kinetic investigations of this type. 
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In [1] it was shown that the adsorption of atoms and radicals on the surface of semiconducting oxide 
films of the ZnO type (n-semiconductor) is accompanied by a considerable change in their electrical con- 
ductivity. On the basis of these data, in the present work we undertook an investigation of the quantitative 
relation between the stationary radical concentration and the electrical conductivity of ZnO films lying at 
various distances from the radical source in various gases, Alkyl radicals (methy) and ethy1) chemisorbed on 
ZnO decrease its electrical conductivity (the energy of the affinity of a CH, radical for an electron is 25 


kcal/mole), This means that this type of active particle forms electron traps (acceptor impurities) on the 
semiconductor surface, 


For a self- activated semiconductor, this phenomenon may be associated with the following processes: 


a) Zn Znt+ +e 

b) R+e2R- 

d) R+2Zn (R-...Znt*) 


(1) 


where R is the radical, e is an electron of the conductivity zone, Zn* is an ionized extrinsic zinc atom, 
(R~. . . Zn*) is a surface compound of the radical with the extrinsic atom (the signs plus and minus do not 
denote the ionic nature of the bond and only indicate the predominant distribution of charges). 


Assuming that the rate of the forward reaction (1) is proportional to the concentration of radicals in the 
gas phase n, the amount of free surface 1 — 9, and the concentration of extrinsic zinc atoms, while the rate 
of the reverse reaction is proportional to the concentration of chemisorbed radicals ((Zn*+. , , R~)], for the 
stationary process we obtain an expression relating the extrinsic electrical conductivity of the surface layer 
of the semiconductor to the concentration of radicals in the gas phase. * 


o?/As = const/n(1 — 8), (2) 


* With high degrees of filling, expressions (2) and (3) should not apply as in this case there will also be 
reactions of the type: 


(R-...Zn*)4+ R>R—R+Zn*+e; 2[Zn...R] 2Zn-+ 2e 


(reaction of adsorbed radicals) and, in addition, for high values of © it is necessary to consider the effect of 
the electrical double layer [2]. 
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where A = G9 — 0, Og is the electrical conductivity of the sample without radicals on the surface, With the 
conditions gg »> o and @ <« 1, formula (2) may be rearranged into the approximate expression 


6 =const/Vn. (3) 


The accuracy of expression (3) was demonstrated in the present work for the chemisorption of methyl 
radicals, The methy! radicals were obtained by photolysis of acetone vapor in the reaction vessel illustrated 
in Fig, 1. 
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Fig, 1. Photocell (1) with movable quartz Fig. 2. Relation of ZnO conductivity 
frame (3); 2) quartz windows; 4) frames; during photolysis of acetone to light in- 
5) glass-covered plumb; 6) guide; 17) tensity 1 (in relative units) at t = 300°, 
ground joint; 8) ruler; 9) sealed-in Pacetone = 5 mmHg, a) for Ao = 
contacts; 4) filter for incident light; 4, ) =0, — 0 (1) increase inI, 2) decrease 
movable black filter; L)PRK-2 lamp; in 1); b) for two film samples differing 
T) thermostat. in thickness by a factor of 1.5 (1) increase 


inI, 2) decrease in I). 


The acetone vapor pressure was varied from 0.1 to 100 mm Hg, the inert gas pressure from 1 to 200 mm, 
and the temperature from 200° to 300° (the value of @ is low at high temperatures), The distance of the ZnO 
films from the radical source (distance from the filter 2) was varied from 1 to 15 cm. The thickness of the 
ZnO films, which were deposited on the rod of a quartz frame 4, was approximately 5 yl. 


According to data in [3], during the photolysis of acetone under the given conditions (temperature and 
pressure), the following main reactions occur: 


hv 
a) CHsCOCHs —~> CHsCO-+CHs; b) CHsCO + CO + CHs; (4) 


c) 2CH3-> C,H»; d) CHsCOCHs 2CHs — CH, + CHsCOC,Hs. 


The quantum yield of the primary photolysis process is close to unity. The destruction of methyl] radicals 
is mainly bimolecular according to reaction c [4]. 
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The change in the stationary concentration of radicals with the intensity of the absorbed light | with this 
condition follows the law n~ v1, By substituting this expression in (3), we obtain a relation for I and the 
electrical conductivity (co) of the semiconductor film, i.e., 


4 
= const/V/. (5) 


An experimental check of formula (5) is shown in Fig, 2, The slope of the line in Fig. 2b is — 0.26. 
This means that formula (5) is obeyed satisfactorily, This, in its turn (for the case examined) indicates the 
accuracy of formulas (2) and (3). 


To estimate the sensitivity of semiconductor films to methy] radicals, we calculated the concentration 
of radicals under stationary conditions from measurements of the energy of the incident and absorbed light. For 
the established process of acetone photolysis, the following expression applies: 


(1,/V) (1 e—adp) k,n? (6) 


where V = 20 cc is the volume of the irradiated zone, a = 0,94- 10* cm*/mole is the absorption coefficient 
(X 3100 A), d=3 cm is the thickness of the absorbing layer, P = 5 mm Hg is the acetone vapor pressure, Iy = 
= 3-105 quanta/sec is the energy of the incident light (the absorption of energy per cc was approximately 
1+10'? quanta/sec), ky = 5+10"* mole ~!+cc-sec™! and kp =10° mole~!+cc-sec~! are the rate constants of 
reactions 4c and 4d for t = 300° [4, 5). 


The calculation shows that the stationary radical concentration n at the maximum light intensity in our 
experiments was not more than 10%” radicals/cm*®, The electrical conductivity of the ZnO film (t = 300°) 
thereupon changed by 300-400% relative to the dark, Consequently, [in accordance with formula (3)], by 
means of a semiconductor indicator it may be possible to measure radical concentrations of 108-10" radicals/cm’, 
i,e., seven orders lower than by methods existing at present. This high sensitivity of ZnO films to alkyl radicals 
is also confirmed by comparing data on the activation energies of the electrical conductivity of ZnO in the 
presence of oxygen molecules [6] (the energy of the affinity of O, for an electron is 20 kcal/mole) and methyl! 
radicals [1] (the energy of the affinity of CHg for an electron is 25 kcal/mole), Experiment shows that in an 
oxygen atmosphere at a pressure of 10° mm (10"° molecules/cm’), the electrical conductivity of ZnO films 
decreases by 30-50% and consequently, under otherwise equal conditions, in the presence of CH, radicals the 
same change in conductivity should correspond to a radical concentration of less than 10" radicals/ cm’, 


An increase in the acetone pressure under photolysis conditions (the frame was moved into the lower part 
of the vessel) first led to a decrease in electrical conductivity (the dark electrical conductivity was practically 
unchanged), indicating an increase in the radical concentration due to an increase in the absorption of active 
radiation, and then to an increase, which was associated with an increase in the rates of reactions 4c and 4d and 
the reaction of acetone vapor with chemisorbed radicals. An increase in the pressure of inert gases under 
analogous conditions led only to an increase in the electrical conductivity (see Fig. 3) and there was a symbatic 
relation between the activity of the inert gas with respect to the increase in the conductivity of the film under 
acetone photolysis conditions and the atomic weight of the gas. The increase in o with the inert gas pressure 
is most probably associated with the fact that in addition to processes (4), ternary collisions of two radicals with 
an inert gas atom as the third body play a part in the destruction of CH radicals, From this point of view, the 
symbatic relation may be explained by the fact that with an increase in the atomic weight in the series He — Ne— 
—Xe, there is an increase in the kinetic diameter of the particles (2,20; 2.60; 4.91 A) and the number of 
ternary collisions ~ df, m;¥/ 2, Asa result, increases from He to Xe, 


Figure 4 shows the change in o of the film with an increase in the distance (x) from the bottom of the 
vessel (Fig. 4a) and the inert gas pressure (Fig. 4b), The radical concentration ng at the bottom of the vessel 
was kept constant during these experiments, 


According to data in(7], under these conditions the relative concentration of radicals (n,/n,.,) changes 
with distance in the following way: ny | Nx» = exp [— (By x)] — surface recombination of the first order; 
Ny | Nyag = [1 -+ (Ax<o bp / 6D)" x]~? — space recombination (ternary collision), where b and y are the re- 
combination coefficients, B = (vC/4SD)'; ‘v is the mean velocity of the radicals, p is the gas pressure, and 
C and S are the perimeter and section of the reaction vessel, respectively, 
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If a semiconductor film is used as a probe, then in accordance with formula (3), these formulas may be rearranged 
to the following: * / = exp [— and (3x / Geo) = 1+ or 
== (bp / 6D)" *kx,where Ac = 6,—Gya9, R=const [see formula (2)). For the space bimolecular reaction 
of methy] radicals, the value bp should be replaced by the recombination constant of methy] radicals. 
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Fig. 3, Relation of ZnO conductivity Fig. 4. Relation of conductivity of 

during acetone photolysis to the pressure: ZnO films: a) to distance x to 

a) of acetone; b) of inert gases @,; b) to neon pressure at t = 300°, 
(Pacetone = 5 mm Hg) at t = 300° Pacetone = 5 mm Hg, 0, -, (nx <9) = 
(frame at bottom of vessel). 1) He; =const (frame at top of vessel), 


2) Ne; 3) Xe; 4) dark conductivity, 


As yet, the relations derived have only been checked for alky! radicals for space recombination , Figure 4 
shows that the relation derived is confirmed adequately by experiment. This means that semiconductor probes 


may be used to investigate recombination processes and the reactivity of radicals in the presence of various 
gases. 


The method proposed may also be used to study active particles arising during the pyrolysis or radiolysis 
of chemical substances and in some heterogeneous reactions, Experiment shows that different alkyl radicals 
behave differently as regards effect on the conductivity of films and therefore there is the possibility of identify- 
ing them at extremely low concentrations, 


The authors would like to thank Professor S$, Ya, Pshezhetskii and the group in the laboratory for valuable 
help in discussing the results of the work. 
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Most of the quantum theoretical studies of chemisorption aim at investigating the levels of localized 
electron states (see, for instance [1, 2]), However, these levels have no direct connection with any observable 
property. The heat of adsorption, for which a proper theory still is absent, is an important observable property. 
An attempt to calculate this heat has been done in the study [3]. 


The aim of the present paper is to extend the study (3] and to establish a definite procedure for the cal- 
culation of chemisorption heats which may be particularly useful in the adsorption of complicated atoms and 
molecules, 


We consider the shift in electron energy of the crystal resulting from the formation of defects and use a 
method which is convenient in the special case of adsorption. 


We introduce complete many-electron wave functions y, and y, which obey equations of the form 


(Ho — Eo) Yo = 0; 
(Ho + V —E)¥ =0; 

i 


Vo (i) is the average of the periodic lattice potential; V is the perturbation produced by the defect; the sums 
are extended over all electrons, 


Now, we use the relation 


E = Ey da, (s) 


0 
which upon normalizing < |W > =1 is an obvious consequence of the fact that the ground state of the per- 


turbed system is stationary with respect to variations in the wave function, The relation (5) in principle enables 
the energy shift to be found, when y (\) is known, Let us use now a one-electron approximation, This 
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considerably simplifies the problem, in particular in the part which concerns the possibility of forming localized 
states, We will neglect the mutual interaction between the electrons, Then 


here We;j are one-electron wave functions obeying the equation 


Vi + + hv — the, = 0. 


We restrict the spectrum of the unperturbed equation 


(— ex) ve = (8) 


to the upper valence band (k is the wave vector inside this band; ~, is the corresponding Bloch function), 
Let us consider the main region of the lattice N; then the spectrum of e, will be quasicontinuous and 
we may write Eq. (7) in the form 


Pe, = (9) 


(10) 


Here [/ == baa V? + Uo; Px is the projector on the state yy . In the limit N + o [4] 


2m 


1 
= (11) 


Here A represents a phase factor of no importance for us; Ge; is a Green's function, which is so defined that 
it satisfies the requirements of the evolution principle and which we write in the form of an integral over the 
whole band 


In the case of a local perturbation which interests us the wave functions y_, are normalized [5] and, 
therefore, the relations (5) and (6) can be used, which gives (AE =E — Ey ~ the components of the heat in the 
case of adsorption) 


he > dh. (13) 


Now we represent p(t) as a Fourier series of Wannier functions ap (f ) localized near the lattice points 


(tr) = (r). (14) 


1 
We expand the operator {—7G_ x KG, ov in a power series of ), Using (14) we write the term of the (p + 1) th 
‘ 


order in the matrix element as follows 


| 


=a Unm,/e; Mg)... — Mp) Umpn’. 
Here we have introduced Green's function for a limited space 
I,,(m— m’) = \ ef*(m—m) § — dk, (16) 
Unn’ = (an | (17) 


Following [6] we take only the very greatest term of the matrix elements namely; a=Vyni Mo is the 
point which of all m is nearest to fy. 


Then 


Summing up the series thus obtained we find 


In this same approximation one finds for two identical defects situated at a distance R from each other 
that 


2 | (R)] Aa 


1 


After substituting (19) in (13), we get (A =1) 


2 alm/, (0) 
AE = —- 2 THT, (21) 
where according to (16) 
Im/,, (0 dk pl 
m ( )= aay \ (e; — Re e, ( )= \ —e (22) 


Within the bounds of the spectrum Im I¢; (0)=0, since starting from a certain a (in the three-dimen- 
sional case) at a definite «€ 


1 =aRe/,, (0). (23) 


If one now takes into account that Re I, €i (0) is discontinuous, when the boundary of the spectrum is crossed, 


then it becomes clear that the energy found from (23) corresponds to a localized boundary state Vg. In this 
case it undergoes resonance scattering 


p, ak 
Pe, = Vet N (24) 
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depending upon the sign of a, €g is the upper or the lower boundary of the band, So we obtain finally 


9 1 aim I (0) 
AE = 2(¢o— ee) + \ 


the integral is taken over the Fermi impulse kp, 


For the shift in the vibrational pari of the lattice free energy an analogous relation has been found by 
I, M, Lifshits (6, 7]. 


When using the simplest molecular orbital method one obtains in the case of adsorption 


a = + Ba, (26) 


— & 


Z = | (Ayn, | V2 | % = (Ain, | 0! & = + = (Aq | 0, | 49>; 


€» is the energy of the electron in the atom before adsorption, The indices 1 and 2 refer to the lattice and the 
adsorbed atom, respectively. 


When |a | <« 8 (8 is the band width) AE ~ a, and, when |a| > 6 it no longer depends upon a, 
but in this case a greater number of localized states may be formed and a more detailed discussion is needed, 
Relation (25) also shows that in both extremes (an almost filled or an almost empty band) AE ~ eg. 


Further, we note that between two adsorbed atoms there exists, according to (20), an “interaction," which 
at great mutual distances R behaves as const/R®, 


So, we come to the important conclusion that for calculating heats of adsorption one may use the wave 
functions (11), which essentially are solutions of the Schroedinger equation for the case of scattering and can 
be found with a sufficient degree of accuracy also for the adsorption of complicated systems, 


1 express my thanks to Professor M, I. Temkin and V, V. Tolmachev for a valuable discussion of the paper. 
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As we have shown in [1], the rate of a chemical reaction can be easily derived from the experimentally 
determined dependency between the conversion of a substance fed and its feed rate, even if one does not know 
the kinetic equation of the process, From the way in which the reaction rate at a given constant conversion of 
the substance fed depends upon temperature the activation energy of the process can be determined, From the 
activation energy of the heterogeneous- catalytic reaction one may judge in which region (kinetic, internal 
diffusion or external diffusion) the reaction proceeds, 


The method proposed, which has been discussed for examples of simple reactions [1], is only correct, as 
can easily be seen, in those cases where the rate is a function of the degree in which the substance fed is con- 
verted and does not depend upon the number of moles ny fed into the reactor per unit time; the conversion 
degree x is expressed in relative units so that in those cases the rate W = f (x), 


Since the reaction rate is a function of the partial pressures Pa; of the reactants, the dependency of W 
upon No will be determined by the relation between Pa; and my. As has been shown in [2], the latter may be 
expressed as a function of the degree of conversion for one of the reactants by means of the relation 


Noa; 
Pa, Po; (1 
oA; x 
Noa, V1 


where v,; are the stoichiometric coefficients; Pg is the total pressure in the reactor. 


From Eq, (1) it is obvious that Pa; does not depend upon np in the following two cases: 1) when only a 
single substance reacts, and 2) when several substances react, but in all experiments the composition of the 
reacting mixture is kept constant and only the rate of feeding a reactant mixture with a given composition is 
varied. 


In the more general case where several substances react and the composition of the reactant mixture is 
different in each experiment, the reaction rate will be a function not only of the conversion degree x but also 
of the feed rate ny. Therefore, applying to the previously obtained equation for a heterogeneous- catalytic 
reaction [1] 
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where Sp is the catalyst surface area per unit of bed length, J is the length of the catalyst bed, 


When W does not depend upon Ng, Eq, (3) goes over in the previously derived relation (1) 


=~ dng = So 


We have used this relation to determine the kinetic parameters in the case of simple reactions, The method 
developed may be applied with success also for a kinetic description of complicated reactions, 


Many reactions of importance in industry (cracking of separate hydrocarbons or oil fractions, dehydro- 
genation of hydrocarbons, dehydration of alcohols etc.) proceed via the formation of a stable intermediary 
product, For instance, catalytic cracking follows the scheme: 


-+|- v,D -|- 


where A is the substance fed, B is the intermediary product, C and D are end products, The reaction rates Wy 
and W, are determined from the conversions of A and B, 


The kinetic analysis of the first stage in a consecutive reaction gives no troubles, To obtain relations 
for the kinetic analysis of the second stage we define the relative conversion degree of substance B as y, the 
relative yield of B as u and the relative yield of reaction product C as z (all three are expressed as fractions 


of the amount of substance A fed per unit time), Then the rate of the second reaction stage may be written in 
the form 


(5) 


Taking into account that 


W, == (6) 


where op is the degree in which the surface is covered by substance B and that og does not depend upon no, 
that is 


= Qi (xX, y) = (x, (1) 


and applying the procedure described above [we integrate (5) and differentiate the equation obtained with 
respect to Ng}, we find: 


_ fo dy (8) 
Sol 


x 
(2 
n 
PY 
. the rule of differentiating a definite integral with respect to a parameter we obtain 
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However, the experiment does not give y , but u, the relative yield of the intermediary product B, For 
the case under consideration u =v 4x— y. In order to transform from the variable y to u we search for the 
difference v,Wy — Wz. On account of the formulas (4) and (8) 


2 2 
my vidx—dy _ My du 


from which follows 


Sol Sol d (ing) | 


The value of = may be found from the experimental relation between the yield of intermediary 
product B and the feed rate of the raw material A, In the special case where the yield of intermediary product 


goes through a maximum, 3 =0 so that the relation is 


W, = v,W,. (11) 


When the reaction rate is known at various temperatures and product concentrations, it is not difficult to 
find also the other kinetic parameters, For instance, the activation energy of the second stage may be found 
from the way in which the reaction rate changes with temperature at constant og, But since og is determined 
from the variables x and y or, which is the same, x and u, such a degree of conversion x must be chosen 
for the calculation so that at all temperatures an equal value is obtained for u (see Fig. 1). If such a conversion 
degree has been found, it is not difficult to calculate the activation energy after having determined the rates , 
for the points selected, The inaccuracy of this determination will be somewhat higher than that in the analysis 
of the first reaction stage, because the errors of x and u are superposed, 


| 

1 

2 
h 


Fig. 1. Selection of the points for determining the 
activation energy of the second stage in a consecutive 
reaction (left) or in a complex of parallel reactions 
(right). 


If one of the reaction products is formed in the second stage only (for instance, the product C, vg = 0), 
then the rate of the second stage may be expressed in the relative yield of this product, Since in this case 


y= : z, we find by substituting its relation into (8) 
5 


dz _ dz (12) 


Sol ditty * 


9 

an 
2 

= 
4 
| 
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As a further example we consider parallel reactions of the type: 


By 


Nah 
y +% B+ 


The rate of each stage in such reactions referred to any substance (for instance, Ay) may be expressed 
in the yield of a product in the stage considered (for instance, By), Designating the yield of this product by 
zi we may write; 


(v‘/vi) No, 


W; = Sodl (13) 


If the composition of the reactant mixture for the whole series of experiments with different feed rates 
is not varied, then by applying the method described above, we obtain 


(v‘/vi) nea, dz, v'ivi dz, (14) 


Sol dno Sol d (1/Mo,,) 


Consequently, the kinetic characteristics of any stage in such a reaction can be determined by examining 
the changes in relative yield of the reaction products found when varying the feed rate of the reactant mixture. 
When taking into account that Wj =kjIo,;_ it is clear that the activation energy of any stage in the complex, 
of parallel reactions can be determined only at such degrees of A, conversion that correspond to equal yield 
of each reaction product (Fig. 1). 


The methods of determining the reaction rate from yields of the end product can be applied not only in 
complicated but also in simple reactions, In the latter case they may be used even to verify the accuracy of 
the experiment, for instance, by comparing the activation energy calculated from curves of over-all conversion 
degrees with that from curves for the relative yields of products or by verifying whether at a given temperature 
the ratio of the rates calculated at equal feed rates from the curves mentioned is constant, 


All relations derived remain also valid for homogeneous reactions, In this case in all equations obtained 
Sq must be replaced by the reactor cross section p. 
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In our laboratory we have carried out a systematic investigation of electron density distributions in 
elementary and compound semiconductors. In the present paper some results, obtained when determining the 


atomic scattering factor for various values of pa h? and the electron density distribution in germanium, are 
é 


recorded, 


Together with the investigation of the electron 
density distribution in diamond [1-3] and silicon [4, 5) 
it is of considerable interest to study this distribution in 


sis germanium, which also belongs to the fourth group of 


0020 30 40 30 
— 
i ‘ 
Fig. 1. The atomic scattering Fig, 2, The logarithm of the atomic 
factor of Ge plotted versus the sum scattering factor of germanium as a 


er the indi f th 
ov squared indices of the function of & 42. 
i 


diffraction maxima 
i 


the periodic system and is of practical importance as a semiconducting material, The investigation of electron 
density distribution in the sequence diamond—silicon— germanium is also of considerable interest in order to find 
the nature of the interatomic interaction in elementary semiconductors and establish the connection between 

the character of the electron density distribution and the semiconducting properties, Only relative values, which 
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Fig. 3. Map of the electron 
density distribution in one- 

fourth of the (110) plane in 

the elementary cell of ger- 
manium, 


straight line (Fig. 2). 


do not allow drawing any quantitative conclusion about the electron density distribution in germanium, are 
given in the paper of Yu. N, Shuvalov (6). 


To determine the absorption coefficient of germanium we have measured the decrease in intensity of the 
primary radiation caused by passing through slabs with various thicknesses between 50 and 200 ». The slabs 
were prepared by pressing without using any binding agent. 


We have investigated germanium powder, which was obtained by pulverizing single crystal germanium 
in an agate mortar and thereafter elutriating in toluene to a particle size of 5-8 u. A n-germanium single 
crystal with a specific'resistivity of 60 @/cm_ was used for the preparation of the powders, The x-ray measure- 
ments were carried out at room temperature with CuK ,-radiation in the recording apparatus URS-501 provided 
with a Geiger-Muller counter, Nickel foil, 20 » thick and placed in front of the counter, was used as a filter, 
The intensities of the I), reflexes were determined from the peak areas recorded by the automatic electronic 


In order to obtain absolute values we have determined the intensity |, of the primary radiation and, 
moreover, used the method of comparing the hki line intensities of germanium with that of the 220 and 311 
reflection in silicon and NaCl, which were taken as standards. 


The curve of the atomic scattering factor was constructed from the experimental data obtained, In this 
construction a correction for dispersion was applied and the other factors were taken into account in the usual 
way, Since the powders used in the x-ray measurements had a sufficiently high degree of dispersion and the 
absorbtion coefficient is relatively great,extinction was left out of consideration, 


In Fig. 1 the curve found for the atomic scattering 


factor of germanium as a function of py h? is plotted 
i 


for values up to py h?= 48. The experimental points 


lie relatively weil on a smooth curve. The fact that the 
points corresponding to the lines 422; 531; 620 deviate 
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Fig. 4. Electron density distribution for the 
(111) and [113] directions in the (110) plane 
of the germanium elementary cell, 


somewhat from the smooth curve may be imputed to 
experimental errors, All points are averages of five 
experimental values, 


Since the electron distribution close to the nucleus where it is highest can be approximated by a Gauss' 


function, most of the points corresponding to values & fh? > 8, in the plot of Inf versus = Aj, lie ona 


From the data of this f-curve the electron density distribution in the elementary cell was calculated by 
means of the method described previously [3], A map of the electron density of germanium in the (110) plane 
of the elementary cell is shown in Fig, 3, The distribution in the [111] and [113] directions between adjacent ~ 
atoms in the elementary cell is given in Fig, 4. 


A discussion of the data obtained enables us to draw several conclusions about the nature of the electron 
density distribution and the radius of germanium ions, The germanium ion radius found from the 1.5 e/ A® 
density contour is equal to 0,5 A; here six electrons lie outside this volume, The ion radius determined from 
the 0.05 e/A® contour has the value 2 A; outside this volume there is only a very small number of electrons, 
We note that the ionic radii determined in this way for diamond are 0,20-0,25 and 1,25 A, for silicon 0.4 and 
1.75 A, respectively, 


At the point °/, 54, 5% in the [111] direction the electron density is small and does not exceed 0.03 
e/ Between the points 0,0, 0, and the lowest electron density is 0.6 e/A®. 


From the map of the [111] direction it is clear that the region between 0, 0,0 and ‘, uy, a, corre- 
sponds to a certain electron “bridge” of raised density. Between the points */, */, and the 
electron density has a minimum (“trench") with a value which is practically zero, 
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It is characteristic both of natural soaps and of synthetic soap-like surface-active substances that there 
exists for them a critical concentration corresponding to the formation of micelles (C,), above which these 
particles exist in solution partially in the form of micelles, which are in thermodynamic equilibrium with the 
separate molecules or ions which give rise to thein [1]. It is usually assumed that the process of formation of 
spherical micelles, such as are obtained in dilute aqueous solutions, begins and ends within such a narrow con- 


centration range that it may for practical purposes be considered as a single concentration, corresponding to the 
value of C,, [2-4]. 


On the other hand, it has been established for a number of investigations that a single substance may give 
rise, Not merely to one but to several values of C,, associated with a more complicated relationship between 
the process of molecular association and the concentration [5]. In other cases this result has been attributed to 


the presence of impurities in the substances investigated [6], or to peculiarities in the methods of measurement 
which have been employed [7, 10]. 


It thus appears that the question whether surface-active substances truly possess a critical concentration 
range, within whose limits the process of micelle formation takes place, so that two (or more) values of C, 
may be defined, and what meaning is to be attached to these points, is as yet not fully elucidated. 


The formation of micelles is accompanied by an abrupt change in the properties of the solutions, and it 
is this change which is exploited in the determination of the values of C,. This may be done by measuring the 
turbidity or surface tension, by titration with dyestuffs or by other methods [8-10]. 


Among these methods, measurements of surface tension occupy an important place, since they permit 
of the establishment of the link between micelle formation in the bulk of the solution, and the process of 
formation of the adsorption layer at its surface: as we have been able to show by simultaneous measurement 
of the static (o,) and dynamic (og) surface tensions of solutions of surface active substances [11]. In Table 1, 
below, data are given which we obtained during the determination of C, for solutions of surface-active sub- 
stances of anionic, cationic and nonionic types within an adequate concentration range, using various methods, 
The turbidity of the solutions was measured by means of a nephelometer (model FEK-N-517), and was represented 
by the values of the optical density (D); the surface tension was also measured by astalagmometric method, 
with times of duration for the surface of separation of + = 2 minutes and 1 = 2 seconds [12]; titration with dye- 
stuffs was performed using pinacyanolchloride and eosin, * 


* N. E, Khokhlova took part in this work, 
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Figure 1 presents curves showing the relationship between the optical density and the logarithm of the 
concentration, and between both the static and the dynamic surface tension and the logarithm of the concentration, 
for the solutions of one of the surface-active substances which we have investigated: the sodium salt of the diethy1- 
dihexy! ester of sulfosuccinic acid (aerosol OT), It is seen that the curve showing the relationship between D and 
log C has two break points, which evidently indicate the presence of definite concentration limits within which 
micelle formation takes place in dilute solutions, 


TABLE 1 


The Critical Concentration for Micelle Formation (for systems 1-4 in moles/liter, and for system 5 in percent). 


Method of determining Co 
nephelometer titration with dyestuff | measurement of surface 
Surface-active substance tension 


(Co) (Co), (Co) (Co), (Co) (Ce 


Sodium salt of diethyldihexy] 
ester of sulfosuccinic acid 
(aerosol OT) 0.0025 0.0049 0.0026* 0.0050* 0.0027 0.0052 

Sodium salt of dihexy] ester of 
sulfosuccinic acid 


(aerosol MA) 0.014° 0.031° 
Sodium salt of didecy! ester of 

sulfosuccinic acid 0.00022* | 0.00045° 
Dodecylaminoacetate 

(Amak 1120) 0.0020 0.013 0.0024°* | 0.012** 0.0030 0.010 
Material DB*** 0,025 0.095 0.023° 0.075° 0.026 0.085 


* Nitration with pinacyanolchloride, 
** Titration with ¢osin, 

**° Material DB is a polyoxyethylene ether, predominantly ditertiarybutylphenol, 
C (CHg)3* C * 


The first of these points corresponds to the development, in a solution which formerly contained only 
molecules or ions, of micelles: this, therefore, corresponds to the usually accepted significance of C, [13], 
which ought therefore to be considered as the initial concentration, defining the left hand boundary of the 
critical region, We therefore consider it as the first critical concentration and denote it by (C,),. 


The second point of inflection on the curve, which corresponds to the sudden appearance of a maximum, 
clearly defines the right-hand boundary of the region of micelle formation, and under our notation appears as 
(Cg)g, It is necessary to stress that, although the reduction in turbidity in the concentration range above (Cc), 
is difficult to explain,* itis still tue that this magnitude, which is associated with definite peculiarities 
of the micelle formation process, possesses a real physical meaning, This follows clearly from the fact that 
this, like the magnitude (C,),,can be determined not only by the nephelometric method, but also by all the 
other methods, 


Actually, it appears from Fig, 1 that, for solutions of aerosol OT, there exists a strict quantitative 
correspondence between the positions of the points (Cc), and (C,),, as determined from curve 1, representing 
the relationship between D and log C, and the points of inflection on the surface tension isotherms, determined 
under static (curve 2a) and dynamic (curve 2b) conditions respectively. The mean values for these points are 
0.0026 and 0.0050 mole/liter. 


It is also important to note that the minimum equilibrium values, 6s min aNd Oq min on both the curves 
2a and 2b correspond to each other; this signifies that, for solution concentrations >=(Cc),, the rate of reduction 
of the surface tension and, consequently, the rate of formation of the adsorption layer are practically independent 


* The maximum on the curve showing the relationship between turbidity of the solutions and the concentration 
has also been obtained for the nonionic compound triton- X-100 [14]. 
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of the duration of the existence of the separation surface [11].° 


Table 1 shows that similar results were obtained with 
the other substances studied; in all cases independently of 
the chemical composition and molecular structure of the 
surface-active substance, and also of contamination with 


erg/cm” 


003 impurities, two values of C, were obtained in excellent 
agreement with the results of measurements obtained by 
A other methods, The fact that the second critical point is 


+002 determined on the basis of the nonequilibrium isotherm for 
the dynamic surface tension (og — log C), by the point of 
intersection of this with the static (equilibrium) isotherm 
{001 (os — log C), makes it possible to base the interpretation 
of the course of the process of formation of micelles in 
solutions of aerosol OT, within the concentration range 


| 
Hen, Yodo | 2 bounded by (Cc), and (C,)», on kinetic premises. 
pe > Within the concentration range between zero and 
the formation of the adsorption layer proceeds pro- 


gressively with increase in C, and in the body of the solution 


Fig. 1. Relationship between the optical the surface-active material is found in the molecular (or 
density and the concentration for solutions ionic) condition, When C reaches the value (C,,),, saturation 
of aerosol OT (1), Isotherms for the static of the adsorption layer is attained (I - I'p)), and the 

(2a) and dynamic (2b) surface tensions of minimum value of the static surface tension is, consequently, 
the same solutions, reached (0, = Opin). After this, further increase in C causes 


the excess number of molecules (or ions) in the body of the 
solution to be adsorbed into micelles, This process corresponds to the abrupt rise in the D — log C curve to the 
maximum value of D,,, when C = (C,)g, when increase in the number of micelles comes to an end, 


Thus, (C,), determines at the same time two associated changes in the molecular condition both of the 
bulk of the solution (the development of micelles) and of its surface layer (cessation of the formation of the 
adsorption layer), In addition to this, under the dynamic (kinetic) conditions for which r = 2 seconds (which 
is easily attained experimentally), saturation of the layer occurs not at (Cc), but at (Cc),, at which point og 
also assumes its minimum value, which is also the same as the corresponding value of os min.°* On the other 
hand (see Fig. 1), as C approaches (C,¢)», not only does micelle formation come to an end but the rate of ad- 
sorption, which increases rapidly, becomes (at the point of intersection of the os — log C and oy — logC 
isotherms) practically independent of r. 


It must evidently be supposed that the diminution in the rate of attainment of adsorption equilibrium in 
the critical concentration region between (C,), and (Cg), (see curves 2a and 2b) is associated with a reduction 
in the rate of formation and destruction of the micelles in the bulk of the solution (see, for example [15]), which 


* It should be pointed out that, for the a, — log C isotherm, the lowest value of os corresponds to an 
equilibrium value which is characteristic for each method of measurement, but is not the static value which, 
as we have shown, can only be obtained by means of truly static methods, such as the suspended drop method 
(12). This is evidently due to the fact that in the use of semistatic methods (such as the stalagmometric, or 
the method of the greatest pressure of bubble formation), the boundary surface (whether of drop or bubble) 
undergoes deformation during the process of its formation, even when the lifetime is very great (r - o), 
which hinders the attainment of the static value for the surface tension, 

** The values of 0; min is the region where C > (Cc) remain practically constant, which provides a 
distinction between the course of the surface tension isotherms of micelle forming substances, from that of 
surface-active substances of a nonsoaplike type (organic acids, alcohols and others), The reason for this is 
found in the fact that, beginning at the concentration (Cc);, all the molecules (or ions) of the surface- active 
substance are autosolubilized, 
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displaces toward the right the equilibrium of the process “adsorption = desorption”. However, with increase 

in the concentration to a value C = (C,)», the dynamic equilibrium between these two processes, proceeding 

in the bulk and in the surface layer respectively, is established with very great velocity. Notwithstanding the 
complexity of a more detailed theoretical analysis of the problem here considered, the aggregate of the data 
obtained confirms the opinion that the processes of micelle formation and of adsorption are due to one and the 
same tendency of solutions of long-chain soaplike surface-active substances: that is, the tendency to a reduction 
in the free surface energy at the water-air boundary, or at the water-hydrocarbon chain surface, the two being 
directly linked to each other, 


In conclusion we wish to express our thanks to Academician P, A, Rebinder for his great kindness in giving 
us valuable advice. 
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The structure of the electrical double layer in molten salts has up to now hardly been studied at al!, in 
spite of the fact that the problem is of considerable importance both from a theoretical and from a practical 
standpoint, Some data on the capacity of the double layer at the mercury electrode in nitrate melts, and at 
the platinum electrode in chlorides, have been published by Randles and White [1], and by Laitinen and his 
collaborators [2]. These data, however, afford no possibility of arriving at the basic peculiarities of the structure 
of the double layer in melts, 


We have recently undertaken a systematic study of the capacity of the electrical double layer in molten 
salts, The present article is a preliminary statement of the results which have been achieved. The experiments 
were carried out in an argon atmosphere at 700-800° C, The cell used in the measurements was a quartz vessel, 
closed by means of a cover made of molybdenum glass in a ground socket. The electrodes were mounted in the 
cap. A quartz tube was used as holder for the electrode under study, and the end of the tube was bent upward 
and drawn out into a capillary. The tube was filled with the liquid metal under investigation, the working 
surface of which had the form of a hemisphere bounded by the glass capillary, Thc electrodes for polarization 
by direct and alternating current were rods of spectroscopically pure graphite, the side surfaces of which were 
protected by means of quartz tubes, The comparison electrode was the lead electrode: 


Pb/KCl, (1:1), 2.5 mole % PbCla, 


which was placed in a quartz tube with a capillary aperture, The potential of this electrode on the chlorine 
scale of potentials was 1.39 v. In all experiments, the electrolyte consisted of an equimolar molten mixture 
of sodium and potassium chlorides, The measurements of the capacity and resistance of the cell under a given 
potential were carried out by means of an impedance bridge at frequencies from 20 to 200 kh. 


Figure 1 gives curves showing the relationship between the capacity and the potential for lead and 
cadmium electrodes at a frequency of 200 kh, In all cases the relationship between capacity and potential 
possessed a sharply defined minimum, for which the potential corresponding to minimum capacity was deter- 
mined by the nature of the metal and did not depend on the frequency of the alternating current or (with a 
range of 100°) on the temperature. The capacity and resistance of the cell depended on the frequency, in that 
the dispersion gradually diminished to zero with increase in the frequency (see Fig, 2), We assumed that the 
dispersion of capacity with frequency near to the minimum was connected with the flow of the electrolyte 
between the walls of the capillary and the liquid metal, With increase in the frequency of alternation of the 
current, the part of the metal surface screened by the walls of the capillary gradually separates, and the capacity 
falls, A similar cause for the dispersion was established by Graham [3] by means of his measurements of the 
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capacity of the double layer in aqueous solutions, It is only necessary to remark that, since molten electrolytes 
possess conductivities of the order of a hundred times higher than their solutions, the dispersion effect in our 
experiments was considerably more strongly expressed, and was maintained up to higher frequencies, than is the 
case in solutions, 
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Fig. 1, Relationship between Fig. 2. Dispersion of capacity and resistance 
the capacity of the double for liquid electrodes in molten potassium 
layer and the potential for chloride — sodium chloride mixtures. 1a) 
liquid metal electrodes in a Capacity for lead electrode (S = 4,9° 1078 
KC1— NaCl melt at 700° and cm?); 1b) resistance for the same electrode; 
a frequency of 200 kh. 2a) capacity for cadmium electrode (S = 
1) Pb; 2) Cd, =6.2-10°* cm’); 2b) resistance for the same 
electrode; 3a) capacity for cadmium electrode 
Taking into account the nature of the relation- (S =14.1-107% cm?); 3b) resistance for the 
ship between capacity and frequency, we have taken same electrode, 


as the true value of the capacity of the electrical 

double layer for the electrode under investigation the value determined at 200 kh, For the working surface of 
the electrode at this frequency we have taken the surface of a hemisphere of diameter equal to that of the 
capillary. To confirm the validity of this determination of the specific capacity we have measured the capacity 
of cadmium electrodes of different surface area, From the data set out in Fig. 2, the following ratios emerge: 
C'cd/C* Gq = 1: 2.36; = 1: 2.28, It can therefore be taken that, at a frequency of 200 kh, it is per- 
missible to neglect the screening effect on the electrode surface by the walls of the container, In this case the 
specific capacity of cadmium at potential g= — 0,8 v amounts to 36 yf /cm?*, For lead at potential gy = 

= — 0,55 we obtained a value close to 38 pf/cm’, 


Table 1 gives the values of the potentials at the maxima of the electrocapillary curves, and the minima 
of the capacity curves for a range of metals, It can be seen from the data given in Table 1 that the potential 
corresponding to the minimum capacity is close to the potential corresponding to the maximum of the electro- 
capillary curve of the same metal (4, 5]. 


When our data are compared with those of S, V. Karpachev and A. G, Stromberg [4, 5], it should be 
borne in mind that these authors used a stationary lead electrode as their comparison electrode, the potential 
of this at 700° being some 200 + 20 mv more positive than the potential of the comparison electrode used by 
ourselves, The data of S, V, Karpachev and A, G, Stromberg are given in Table 1 after conversion to the scale 
of potentials used by us, 


The fact that the potentials corresponding to minimum capacity correspond to the potentials at the 
maxima of the electrocapillary curves makes it possible to make use of the method of measuring capacity in 


1174 


melts for the determination of the null points of metals. In addition, it would be expected that, if the capacity 
measured by us is the capacity of the electrical double layer, then double integration of the C— g curves would 
result in obtaining electrocapillary curves which ought to coincide with the experimental curves, Such a corre- 
spondence would be impossible if an appreciable part of the measured capacity consisted of pseudocapacity, 

or if the specific capacity per unit surface had been obtained incorrectly by us, 


TABLE 1 


Metal Electrolyte C lary curv Metal Electrolyte Cc ive, y 
Lead KCI —Lict | 450 | —0,58-10,02 ||Lead KCI — NaCl] 700 | —0,55 


Cadiniun] KCI—Licl | 450 | —0,82--0,02 ||Cadmium| KCI — NaCl} 700 | --0,80 
Thallium} KCI—- LiCl | 420 | —0,850,02 ||Tballium | KC] — NaCl} 700 | —0,87 
Antimony KCI — LiCl | 1050 | —0,10--0,02 ||Antimony| KCI — Licl | 500 | —0,92 

KCI—Licl |  0,004-0,02 || KCI — NaCl} 700 | —0,17 
Tin KCI—Licl | 420 | —0,430,02 |[Tin KCI —NaCt| 700 | —0,32 
Bismuth | KCI—LiCl | 420} —0,484-0,02 |jBismuth | KCI—- NaCl} 700 | —0,32 


Figure 3 gives the electrocapillary curves obtained by graphical integration of the capacity curves shown 
in Fig. 1, on the basis of the following limiting conditions [5]: 


for lead atgy= — 0.55, 


o= 444 dyne/cm; 


for cadmium at g=— 0.80 v, o= 568 dyne/cm. 


The experimental points plotted on the same graph are also taken from publication (5). Taking account of 


some difference in the experimental conditions, the agreement between the calculated and experimental data 
can be regarded as satisfactory. 


We may therefore draw the following conclusions 
dynes/cm on the basis of the results obtained, The capacity of the 
electrical double layer in molten electrolytes is a minimum 
at the potential at which the charge on the metal is zero. 
The minimum in the C— ¢ curve in the melts corresponds 
to a capacity of 36-38 yf/cm?, The existence of a minimum 
capacity on the C— g curves requires special elucidation. 

It is questionable whether the minimum obtained can be 


dynes/cm 


ae, fs = explained in a way similar to that used for dilute aqueous 
420\- - solutions in terms of the diffuse double layer, since, in the 
first place, the presence of diffusion in such concentrated 
in 520 ionic systems, of a kind which is found in dilute salt solutions, 
is improbable, and, in the second place, the minimum 
capacity in the case under consideration is so great that the 
thickness of the electrical double layer cannot be signifi- 
cee cantly greater than one ionic diameter, 
Fig. 3. Electr i 
The increase in the capacity of the double layer with 


: : increase in the charge on the surface of the metal may be 
the C— curves of Fig. 1. The points re- 
: connected with deformation of the electronic environment 

present the experimental data taken from j 

aper (8) of the ions, and also with the compression of the structure 
P 5 of the molten salt (that is, the displacement of the "holes" 
from the pre-electrode layer), When a large shift of potential occurs in a positive or a negative direction, it 
seems that the phenomenon of pseudocapacity arises, owing to the occurrence of autosolution of the electrode, 
or to discharge of cations of the alkali metals. The possibility of the reduction of sodium or potassium ions at 
potentials more positive than the standard potentials of the two metals is, we should suppose, connected with the 
depolarization produced at the expense of the energy of formation of the mixed melt (6). 
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We would like to express our deep thanks to Academician A, N, Frumkin and Professor B. N, Kabanov for 
their valuable advice and discussion of the present work. 
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The condition governing the simultaneous reduction of several types of metallic ions is that their dis- 
charge potentials shall be equal : 


4 = In az — (1) 


0 
A nF 


where Ole ay, 1 i 0% ag Ne are, respectively, the standard potentials, activities and overpotentials of the 
first and second type of metallic ion, For simplicity we shall use the concentrations of the ions instead of their 
activities in the following development. 


We have already shown [1] that electrochemical reactions taking place simultaneously at electrodes are 
conjugate, and hence that Eq. (1) does not completely characterize the conditions obtaining during simultaneous 
discharge, since it does not take account of the mutual interaction of the ions undergoing reduction, In parti- 
cular, it ignores the change in the condition of the electrode surface, the changes in the concentrations of the 


ions undergoing discharge in the electrical double layer, and the change in the condition of the ions in the 
solution. 


The rate of reduction of metal ions is known to depend on the concentration of the ions in the electrical 
double layer, and not on that in the bulk. For the case of hydrogen ion discharge, A, N, Frumkin [2] has pro- 


posed a relationship connecting the surface and bulk concentrations of the ions by the formula[Hs] = [H]e~ **/*? 
It must be recognized that, in the case of simultaneous discharge of metallic ions under given conditions of 
electrode polarization, the concentration of each type of ion in the double layer will be reduced, according 


to the number of ionic types and their concentrations, as a result of the partial displacement of some ions by 
others, 


When the fact is recognized that, during simultaneous reduction, both the nature of the deposit on the 
cathode, and its surface condition (the degree of passivation) will be changed, it can be seen that account must 
then be taken of the overpotential relevant to the discharge of the given ion on the deposited alloy (n al), and 
not of the overpotential which would arise during separate deposition of the metals (n), In order to determine 
the conditions for simultaneous discharge of the ions in real conjugate systems, it is necessary to take account 
of the fact that, when several types of ions enter into the electrical double layer, that part of the polarization 
attributable to each type of ion will be characterized by the fractions of the ions penetrating into the electrical 
double layer, in relation to the total number of ions causing the polarization, If we denote the concentration 
of each type of ion by Cj, and denote the coefficient which defines the power of each type of ion to penetrate 
into the electrical double layer by aj, the reduction in the polarization due to the entry of other ions into the 


1177 


BS, 
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double layer may be expressed by the quantity — |; ‘acy 


A change corresponding to this will occur 


in the rate of discharge of the various ions, 


Since Eq. (1) does not take account of the influence of the overpotential factor, an equation which pur- 
ports to describe the conditions for simultaneous discharge of ions must be expressed in the following way: 


RT al RT 


RT al 


or, 


RT 


No account is here taken of the fact that the activity of each type of ion in the mixture will be different 
from its activity when each ion is reduced by itself. 


It is assumed in Eq. (3) that the formation of the alloy does not appreciably alter the normal potentials 
of the metals. 


A calculation of the depolarizing effect of the deposit during simultaneous discharge has been presented 
by A. I, Krasovskii [5]. It follows from Eq, (3) that, during the electrodeposition of two or more types of ions 
differing appreciably in their normal electrode potentials, the change in the concentrations of the ions being 
deposited cannot sensibly cause their discharge petentials to approximate to each other. It follows that the 
principal regulating factor must be the magnitude of the overpotential. Since simultaneous discharge, accom- 
panied by a change in the nature of the deposit, may cause either increase or decrease in the overpotential, 
then, under actual conditions, the simultaneous deposition of the metals may take place in the following possible 
ways: 

1, When 


RT 


the rate of separation of the metal with the more positive deposition potential is greater than the rate of dis- 
charge of fons whose reduction takes place at a more negative potential, 


2. When 


the rate of separation of the metal with the more negative potential is greater than the rate for the more positive 
ion, 


Thus, in real conjugate systems, because of the influence of the nature of the deposit on the magnitude 
of the overpotential, change in the rate of reduction is possible both for the more positive and for the more 
negative metallic ions, within a wide range. 


If there is considerable reduction in the overpotential for simultaneous deposition (case 2), we should 
expect an inverse relationship for the velocities: that is, the rate of reduction of the ions with the more positive 
potential ought to exceed the rate of reduction of the ions with the more negative potential, 


In order to confirm this suggestion, we have investigated the simultaneous discharge of ions of iron and 
nickel, The study was carried out using 1 N solutions of the lower sulfates of iron and nickel, with the addition 
of 30 g/liter of boric acid at a pH 1,9, and at various temperatures, which were controlled to a precision of 
+ 0.5°, The method of investigation has been described in previous articles [1]. 


i 


Figure 1 gives the polarization curves for simultaneous and separate deposition of nickel and iron, and 
the corresponding partial curves, obtained from the solutions indicated at a temperature ‘of 25°, As can be seen 


from these curves, the reduction potential for nickel ions (4) for its separate deposition is appreciably more 
positive than that for iron (7). However, when the dis- 


charge takes place simultaneously, the rate of deposi- 


tion of the nickel ions (9) is appreciably less than the 


750 800 


Fig. 1. Relationship between the rate of 
reduction of iron and nickel ions and the 
electrode potential (measured against the 
saturated calomel electrode), Over-all 
polarization curves for: 1) discharge of 
Ni** and H* from 1 N nickel sulfate 
solution; 2) discharge of Ni?*, Fe 
and H* from a soiution 1 N with respect 
to nickel sulfate and 1 N with respect to 
ferrous sulfate; 3) discharge of Fe 2* and 
H* in 1 N ferrous sulfate solution, Partial 
polarization curves: 4 and 5) discharge 
of Ni?* and H*, respectively, obtained 
on the basis of curve 1; 7 and 8) dis- 
charge of Fe?* andH* respectively, 
obtained on the basis of curve 3; 6, 9, 
and 10) discharge of Fe?*, Ni**, and 
H* respectively, obtained on the basis 
of curve 2, 


ma/cm* 
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Fig. 2, Relationship between the 
rate of reduction of iron and nickel 
ions and the electrode potential 
(measured against the saturated 
calomel electrode), at pH = 1.9. 
Over- all polarization curves for: 

1) separation of Ni** andH*; 2) 
separation of Fe**, Ni2*, and H*; 

3) separation of Fe and H*, 
Partial polarization curves: 4 and 5) 
for discharge of Ni** and H*, re- 
spectively, obtained on the basis of 
curve 1; 6, 7, and 8) for discharge 
of Ni**, Fe**, and H*, respectively, 
obtained on the basis of curve 2; 

9 and 10) for discharge of Fe?* and 
H* respectively, obtained on the 
basis of curve 3. 


rate of deposition of the iron ions [6], This “anomalous phenomenon® (as it is called) is sometimes explained 
by supposing that the iron is deposited as a result of depolarization arising from the alloy formation, It should 
be remarked that, if a depolarization effect were found, the reduction of potential ought to take place for both 
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metals according to their concentrations in the alloy, The experimental results clearly show that such a re- 
duction of the separation potentials for the two metals is absent, and therefore the explanation just referred to 
is unacceptable, 


mv It is known that, during the electrodeposition of nickel, an 
abrupt retardation of the process of reduction of the ions occurs if 
a/cm? adsorption of hydroperoxides occurs, while during the electrodeposition 
of iron atoms of hydrogen are preferentially adsorbed [3]. When 
simultaneous discharge of iron and nickel occurs, a reduction of the 
overpotential should be observed for the reduction of the iron ions, 
since the alloy will have a smaller absorbing power for hydrogen than 
iron when deposited alone, There should, however, occur an increase 
in the overpotential for the reduction of hickel ions when these are 
5 w= Ht tire deposited simultaneously with iron, in view of the increased adsorption 
of hydroxides on the surface of the alloy, in comparison with that 
Fig. 3. Relationship between the rate which occurs when nickel is deposited alone — arising from the fact 
of reduction of Ni?* (1) and Fe* (2) _ that hydroxide formation for iron arises in a more acid medium than 
ions together with discharge and the for nickel, 
temperature and change of the 
electrode potential . 


When the electrodeposition of these metals is carried out at 
higher temperatures, there is a great reduction in the adsorption 
both of hydrogen and of hydroxide, so that the content of foreign 
particles in the deposit is appreciably diminished, Under these circumstances also there is a great re- 
duction of the overpotentials accompanying the deposition of these metals, 


Figure 2 gives the polarization curves for separate and simultaneous discharge of iron and nickel ions, 
and the corresponding partial curves for the same solutions, obtained when the temperature is increased to 95°, 
It can be seen from these curves that, in contrast to those shown in Fig, 1, the rate of deposition of the nickel, 
during the simultaneous electrodeposition of iron and nickel at high temperatures, is greater than that of iron 
in the alloy, It is clear that the increased temperature and reduced overpotential for the deposition of these 
metals caused the reduction of the ions to be controlled essentially by the quantity 


np 


In ¥a,6, u, 
and therefore the rate of deposition of the metal with the more positive normal potential will be greater than 
that of the one with the more negative value, in accordance with condition (1), 


Figure 3 gives the change in the rate of discharge of nickel and iron ions during simultaneous electro- 
deposition, using the same solutions as in Fig, 2, as a function of the temperature. It can be seen from these 
curves that increase in the electrolyte temperature causes the rate of reduction of the nickel ions to be increased, 


while that of the iron ions is diminished, so that at a temperature above 90° the nickel content of the alloy is 
greater than the iron content. 


The experimental results which have been produced show that the theory of real conjugate systems 
makes it possible to calculate the regularities observed in the simultaneous deposition of metallic ions, 


The observed anomaly of the greater rate of deposition of the ions of metals having the more negative 
reduction potential, in comparison with those having a more positive value, is connected with a change in 
the overpotential of the deposition of the metals when these are deposited simultaneously, arising from a 
change in the nature of the deposit on the electrode. 
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1, Introduction, It has been known for a long time [1] that the evaporation of water may be impeded 
by films of certain surface-active substances, such as stearic and oleic acids and, especially, cetyl alcohol. 
The theory of this process was developed by Langmuir, who suggested that the presefice of a monolayer on the 
water surface created a resistance to the evaporation of the water [2]. Langmuir represented by means of a 
single phenomenological parameter — the condensation coefficient, « —two different phenomena: the penetra- 
tion of the monolayer by the water molecules; and evaporation from the monolayer surface, Bradley [3] ex- 
plained in a similar way the retardation of the evaporation of liquid drops by means of insoluble monolayers, 
ascribing the reduction to values of « of the order of 107°, 


The theory set out below consists in essentials of the separation of the two effects underlying the influence 
of films on the rate of evaporation of liquids. 


2. The quasi-stationary evaporation of drops covered by an insoluble film of a foreign substance. 
We shall determine the rate of evaporation of an immobile drop placed in an infinite space, the radius of the 
drop being a, when the drop is covered by an insoluble liquid film of a foreign substance whose thickness is 6, 
in terms of the change in the mass of the drop per unit time, — dM/dt, 


A stationary diffusion process occurs in the film, owing to the dissolution in it of the substance of which 
the drop is composed, which may be described by means of a Laplace equation: 


Aa = 0, acr<a4-4, (1) 


where C, is the number of molecules of the material composing the drop in 1 cm’ of the film, 


Molecules of the liquid evaporate into the atmosphere from the surface of the film, Through a region in 
direct contact with the surface of the film of thickness ) [6] of the order of the mean free path of the molecules 
of the vapor in air, the vapor is transferred into a molecular stream and subsequently, beginning at the surface 
of a sphere of radius a+ § +}, diffuses into the atmosphere, 


The stationary diffusion of the vapor in the atmosphere is described by the equation: 
6 +3, 


where Cy is the concentration of the vapor in the air. 


| 
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Since the problem possesses spherical symmetry, the solution of Eqs. (1) and (2) emerges in the form: 


C2: = Air +B, (3) 
From the condition that a state of equilibrium shall exist between the liquid in the drop and the solution 


of the liquid in the film at the boundary where r=a, we arrive at the conclusion that, at this boundary, the 


concentration of the solution of the liquid in the film, C,,is equal to the concentration of the saturated solution 
of the liquid in the film, Cp: 


Ci = Cpe (4) 


At the boundary for which r = a+ 6, the solution of the liquid in the film must be in equilibrium with the 
vapor of concentration C4. 


Starting from Henry's Law, we obtain the limiting condition at the boundary for which r=a+ 6: 


Cc 
where Cy is the concentration of the vapor, when this is saturated at the temperature of the drop, 
If Cy|-<a484, is the concentration of the vapor at a distance ) from the surface of the film, then 
the molecular stream of vapor from the film is equal to a + (C; Colrea}s4a), Where ¥ is the mean velocity 


of the vapor molecules, The coefficient of “adhesion*, a, shows that, of the molecules of vapor evaporated 
from the surface of the film, the portion a of the molecules passes into the film, while the remaining portion, 
1— a _ of the molecules rebounds reversibly into the vapor. 


From the equation at the boundary for which r=a+ 6 , between the diffusion current of the dissolved 
liquid in the film and the molecular stream of vapor, we obtain the limiting condition: 


—Di Co Ca (6) 


where D, is the diffusion coefficient of the liquid molecules in the film, 


From the equation at the boundary for which r=a+6 + ), between the molecular and the diffusion 
currents of the vapor in the air, we obtain the limiting condition, 


4x (a + 6)? (Co — Co 4m (a + + A)? (—D 


where D, is the diffusion coefficient of the vapor in the air. 


The concentration of vapor in the air at infinite distance from the drop is given by: 
C, on Coos (8) 


From the five limiting conditions given in Eqs. (4) to (8) the four constants Ay, Ag, By, and Bg, and the 
concentration of the equilibrium vapor, C4 are determined, 


The rate of evaporation of the drop is equal to the diffusion current of the vapor through the surface of a 
sphere of radius r=a+ § +X: 


= m4n (a + 6 + A)? 


q 
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If we insert in this relationship the value of C,(r) found, we obtain the equation for the rate of the 
quasi- stationary evaporation of the drop covered with a film of thickness 6, 


dM 4naD3 (Cy —C,,) m 
av/4 (a+ 6)? a+d+A° DiC,a+s 


In the absence of the film (that is, when § =0), Eq. (9) reduces to the known Fuchs equation for the rate 
of evaporation of a drop of pure liquid: 


dM 4xaD,(C,—C,,)m 
at v a 
Pia 


We shall assume that the relevant equation for the rate of evaporation of the drop through a monolayer 


may be obtained from Eq. (9) for the limiting transition from a macroscopic film of thickness § to a monolayer 
for which § «< a; we then obtain: 


dM 4x a* (Co—C,,.) 


C, Di | Ds 


Equation (10) gives the relationship for the rate of quasi-stationary evaporation of the liquid of a drop 
covered with a monolayer. The component parts of the denominator in Eq. (10) may be considered as partial 


resistances to evaporation: tS ae is the resistance due to diffusion of vapor into the air; sie is the 


resistance due to the molecular current near to the surface of the drop; s + is the partial diffusion re- 
sistance of the monolayer, which is increased with diminution of the solubility of the liquid in the film, 

The description of the effect of the monolayer on the rate of the evaporation by means of the two pheno- 
menological parameters a and Ps i is equivalent to ascribing to the monolayer simultaneously both a 
coefficient of repulsion and a coefficient of absorption for the molecules of the liquid. 


The theoretical result which we have obtained shows that under conditions for which 


Cy 4 1 
a1) 


where 04,0 = 0.034, the coefficient of condensation of water, the monolayer ought to increase the rate of 
evaporation of water, 


This paradoxical-seeming case is actually observed experimentally [4, 5], In a way similar to that for 
the evaporation from a planar liquid surface, we obtain: 


m (Co — 
Dz | Cp Di 


where C;, is the concentration of vapor in air at a distance L from the liquid surface, 


3. Nonstationary evaporation of a drop covered by an insoluble monolayer of a foreign substance. 


We shall consider the nonstationary evaporation of the liquid of a drop of radius a, when this is covered by an 
insoluble monolayer of a foreign substance of thickness §, when § << a, 
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The nonstationary character arises because of the nonequilibrium initial condition for the introduction 
of the drop into the atmospheric medium, when the constant concentration of the vapor in the air is C,,, this 
being different from the equilibrium value, the density of the vapor being much lower than the oe of the 
liquid, y. That is, y. 


The rate of evaperation is given by: 


(13) 
a 


| 
Or |rma+d 


Inserting in (13) the expression for the mass of the drop, M 
rate of movement of the boundary, 


= ‘/s na*y, we obtain the equation for the 


da a+a\? 1 dC 
DCH) 


r=a-+n’ 


from which it can be seen that, when mC,,/y < | the Lecle number is small, and the phase boundary may be 
regarded as immobile [7]. 


Since equilibrium in the monolayer is set up rapidly, in a time T ~ 8?/Di ~ 10-™ sec, it may be 
supposed that equilibrium is only absent in the gas phase, and the effect of the monolayer may be attributed 
to the change in the concentration of the equilibrium vapor, C4, at the boundary for which r =a, in comparison 
with the concentration, Cy, of the saturated vapor when evaporation occurs from a pure liquid surface, C% is 


found by the solution of the present quasi-stationary problem; that is, from the system of equations given in 
(4) to (8): 


C, Di ao/4. 
“0 


7 Tar Co 


Cy 1 


The nonstationary diffusion of the vapor in air is described by the equation, 


==, r>ati, (15) 


where C is the concentration of the vapor in air, 


From the equation at the boundary for which r = a between the molecular vapor current and the diffusion 
vapor current, we obtain the limiting condition, 


4nata = (a + pt (16) 


We write the initial condition in the form, 


= Gy, (17) 


From Eqs. (13) to (17) we obtain an expression for the rate of the nonstationary evaporation of the drop 
covered with a monolayer: 


= Iof 
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where v = —-—~-; Jo = = the rate of the quasi-stationary evaporation 


ad /4 


of the drop. 


When /S> (a + A)*/D2_ f(t) — 1, J == Jo, i.e,, the initial nonequilibrium condition is resolved, 
and there is established a quasi-stationary situation for the evaporation at a time given by 7 ~ (a + A)?/Do. 


The rate of evaporation of the drop at the initial moment is given by: 


If the presence of the monolayer on a water surface leads to a value of « greater than a H,O = 0.034, 
the rate of evaporation of the water through the monolayer at the initial moment will be greater than the rate 
of evaporation of pure water, which is in qualitative agreement with the results given in [4], 


According to the experimentally determined rate of stationary evaporation from a 1 cm? plane liquid 
surface, and the corresponding nonstationary evaporation at the initial moment of nonstationary conditions, it 


is possible to determine the parameters a and ~ + for any given monolayer, 
1 
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All the various life phenomena are usually determined by the chemical and physicochemical properties 
of the substances which make up the living organisms and by their reaction with the substances of the surround- 
ing medium in a manner specific to the biological processes, However, to understand these processes it is also 
very important to study structural problems, i.e,, the laws of formation and destruction of structures in living 
organisms, the characteristics of types of structures, their morphology, and nature. It seemed interesting there- 
fore to study the nature of the destruction and formation of microstructures of natural proteins by studying the 
well-known phenomenon of the transfer of proteins through nonporous (cellophane) membranes during electro- 
dialysis, 


For this purpose, we used a high voltage, multichamber electrodialyzer, which has the advantage that due 
to the presence of “electric traps," the dynamic equilibrium in a system with a very small fraction of disperse 
material is gradually displaced toward dissociation to elementary structural units [1], The subjects of the in- 
vestigation were fibrillar and globular proteins: gelatin, myosin (in the form of finely ground muscular tissue), 
egg albumen (in the form of denatured hen egg white), and edestin. The main investigation method in this 
work was electron microscopy with a JEM-5Y electron microscope with a direct magnification of 15,000 to 
85,000. 


Destruction of the structure of natural proteins and their transfer through nonporous membranes during 
electrodialysis. During a previous study of the processes of electrodialysis [2] it was noticed that some proteins 
of comparatively high molecular weight are able to pass through nonporous polymer membranes, This pheno- 
menon occurred in the electrodialysis of the proteins investigated in a five-chamber, high-voltage electro- 
dialyzer. The globular proteins (edestin and denatured hen egg white) and also one of the fibrillar proteins, 
namely, myosin, passed into the neighboring chamber through the membrane in insignificant amounts, while 
quite large amounts of gelatin were transferred under the given conditions. 


This observation necessitated a more detailed study of this phenomenon with gelatin solutions, For this 
purposé, we investigated the effect of gelatin concentration (from 1.5 to 10%) and temperature (from 25 to 90°) 
on the transfer processes with various potentials on the electrodes of the electrodialyzer (from 0.05 to 2.5 kv). 

It was found that a rise in concentration and temperature caused an increase in the transfer of the gelatin through 
the membrane into the neighboring chamber of the electrodialyzer, 


Many experiments showed that by using the temperature factor, it was possible to obtain a gelatin transfer 
through the membrane of 30-40%, There naturally arose the question of the reasons for this phenomenon, The 
transfer of small initial amounts of gelatin and the other proteins investigated was apparently caused by the 
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presence in the proteins of fractions of comparatively low molecular weight, which were capable of passing 
through nonporous membranes during electrodialysis, To find the reasons for the transfer of large amounts of 
gelatin, we carried out special experiments to determine the molecular weights of the starting gelatin and that 
transferred into the neighboring chamber of the electrodialyzer. The mean molecular weight of the starting 
gelatin was 41,350 and after electrodialysis it fell to 23,590, while the molecular weights of gelatin fractions 
transferred through the membrane were 23,140 at t=60° and 22,680 at t= 80°, Thus, the transfer of gelatin 
through the membrane was not associated with the fall in the molecular weight of the gelatin as,had this been 
the case, the whole of the gelatin should have been transferred through the membrane during electrodialysis 

as the molecular weights of gelatin which underwent electrodialysis and did not pass through the membrane 
and the gelatin which passed through the membrane coincided. 


Special experiments were then carried out to determine the role of pH of the gelatin solutions and the 
effect on the transfer process of a change in the acid-alkali equilibrium. It was found that the transfer of 
gelatin was not increased by a large addition of sulfuric acid. The position changed sharply if very small 
amounts of surface- active substances were introduced into the system with the starting protein after the transfer 
of protein through the membrane had ceased completely in the electrodialysis process, We used both surface- 
active electrolytes (dihexy! ester of sodium sulfosuccinate) and also surface- active nonelectrolytes (OP-10). 
When a few drops of a solution of one of the surface-active substances were added, the transfer of protein 
slowly recommenced and this applied equally to all the fibrillar and globular proteins we investigated. Electro- 
dialysis of gelatin in urea solutions also increased the amount of product transferred through the membrane, as 
was shown in a special series of experiments, In this case, even at low temperatures and voltages, the gelatin 
transfer reached 80% of the original weight of gelatin undergoing electrodialysis in a comparatively short time. 


This surprising phenomenon sheds light.on the transfer of proteins through nonporous membranes and also 
compels us to reexamine the usual ideas on the structure of protein molecules, Svedberg [3] observed reversible 
dissociation of the protein molecule into separate elements, namely, units which are connected to each other 
in a single chain by bonds that are readily broken and renewed under definite conditions. Such a primary 
structure of protein molecular formations agrees well with contemporary experimental data on the decomposi- 
tion of proteins and synthesis of complex structures from them, obtained by means of isotopic tracers [4]. The 


transfer of proteins through nonporous membranes during electrodialysis is apparently connected with precisely 
these characteristics of the complex formation of primary protein structures, In the five-chamber electrodialyzer, 
there is continuous decomposition of primary protein structures to separate, small molecules, namely, units which 
are readily transferred through the membranes into the side chambers at a high rate. An increase in temperature 
and applied voltage facilitates decomposition of the structures, The action of surface-active substances, which 
sharply increase the transfer of protein through the membranes, may be likened to the action of soaps. 


Structure- formation processes and the nature of secondary protein structures transferred through nonporous 
membranes during electrodialysis. To study the formation of secondary protein structures from their elements 
which had passed through a nonporous membrane through electrodialysis, we used direct observation of the 
structures formed under anelectron microscope, It was possible to use this method under two conditions: a high 
resolving power of the electron microscope and prevention of the formation of thin protein films, which could 
not be examined under an electron microscope as they did not have the necessary contrast for observing structural 
characteristics of the object. The resolving power of the JEM-5Y electron microscope, which equals 8-10 A, 
satisfied the first condition, The second condition was satisfied by using solutions of very low concentrations 
(down to 0.003%) and drying them at temperatures above the gelling point. Gelatin solution was dried at 40°, 
No gel was formed in this case and it was possible to observe the secondary structural formations of the protein 
produced after drying the solution, 


By observing the above conditions, it was possible to obtain electron microscope photographs of the 
secondary structural formations of the starting fibrillar proteins, gelatin and myosin, which have a globular 
character, Figure 1 shows globules of gelatin, Similar globules, which differed only in the least dimensions, 
were formed by myosin, The formation of globules by gelatin molecules in dilute solutions has been studied 
quite well (2), In the present investigation, this phenomenon was again confirmed by direct electron microscope 
observations, In the investigation of proteins passing through the membrane, it was possible to observe the whole 
sequence of the elaboration of secondary structural formations, beginning from globules and bundles of chains 
and ending with combination of the bundles in fibrils and the fibrils in more complex structures, Among the 
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numerous electron microscope photographs of secondary structural formations, the most characteristic for gelatin 
are given in Fig. 2a (supermolecular formation of fibrils) and Fig. 2b (structure of individual fibrils) and for 
myosin in Fig. 3a (fibrils) and Fig. 3b (structure of fibrils). In Fig. 2a, there are well- differentiated fibrils of 
gelatin, 10 to 40,000 A in length, without the details of their fine structure. The thickness of these fibrils was 
approximately the same, We also obtained gelatin fibrils which were very similar to collagen fibrils with their 
characteristic transverse band structure along the fibril axis (Fig. 2b). It is difficult to determine the method 
of packing of bundles of gelatin chains in the fibrils, but the photograph presented shows fibrils of spiral form, 
which combine to form more complex structural systems, 


The most coherent and complete picture of the ordering of the structures wa3 observed for myosin, 
Figure 3a shows the fibrillar structure of the protein which is characteristic of myosin, With sufficient magni- 
fication, we observed a clearly expressed discrete build-up of fine structural formations (Fig. 3b). An analogous 
picture was observed in the case of denatured egg albumen which had passed through a membrane, Figure 4 
shows the clearly defined complex structural formations produced after this product had passed through a mem- 
brane. 


Thus, after destruction of protein structures and the transfer of the elements of these structures through 
nonporous membranes in electrodialysis, these elements again combine into the most diverse forms of secondary 
and more complex structural formations, 


It is remarkable that regardless of the fibrillar or globular nature of the protein, depending on certain ex- 
perimental conditions (concentration, temperature, the introduction of surface-active and similar substances, 
etc.), the synthesis of secondary structural formations may yield both globules and fibrils with subsequent 
elaboration of supermolecular structures. The processes of destruction and reformation of structures in living 
organisms apparently are also associated with the role of semipermeable membranes and the action of the 
corresponding factors and components of the organism. Therefore, the investigation of such processes on model 
systems is of undoubted interest in extending our ideas on the nature of the whole diversity of life processes, 
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The possibility of a substantial effect of the discreteness of charge on the properties of the double layer 
was pointed out some time ago by A, N, Frumkin [1]. In recent years, the need for considering these effects 
in the theory of the double layer has also been emphasized by a number of other authors [2, 3, 6], This probiem 
has assumed special interest in connection with experimental investigations [2-4] and subsequently those of 
other authors [13]. As a result of these investigations, it was shown that experimental data on the effect of 
surface- active electrolytes on the electrocapillary maximum potential cannot be explained by Stern's theory, 


starting from a one-dimensional model of the layer and using mean values of the characteristics (potential, 
field, etc.). 


These circumstances indicate the inadequacy of the double layer mode] with a uniformly “spread 


charge and the need for systematic consideration of the discrete structure of the charge of specifically adsorbed 
ionic layers, 


Attempts at a theoretical examination of the effects of the discreteness of the charge in the double layer 
on the basis of various models of the layer have been made previously in[2, 5, 6], A thermodynamic analysis 
of the effect of adsorption of surface- active substances on the properties of the double layer was given in [7], 
However, the results obtained in[2, 5, 6] are of a qualitative nature and leave unsolved problems associated 
with calculation of the discrete structure of the double layer in the presence of specific adsorption of ions, 


The present work was devoted to a quantitative examination of the effects of discreteness of the charge 
in the double electrical layer at a metal — solution interphase. On the basis of the theory developed in the 


work, an examination was also made of charged interphases and an adsorption isotherm derived for anions on 
metal, 


Let us examine a metal — electrolyte solution interphase. The solution occupies the space on one side 
of a plane x > 0, where x is the coordinate characterizing the distance from the interphase (x = 0). Due to 
the small effective radius of specific adsorption forces, it may be assumed that the centers of gravity of all 
the adsorbed charges are in the same plane, lying at a distance x = 6 from the interphase, 


With allowance for the discrete nature of the charge distribution in the ionic adsorbed layer, the equations 


for determining the potential in the inner (0 < x < 6 + y) and outer (diffuse) regions of the double layer, 
respectively, assume the form: 


1193 


f 
= 
3 
on 
ae 
x 


Ay (r) = — (r—r,); 


Ag (r) = — CyZala EXP : 
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(2) 


where D and Dy are the dielectric constants in these regions, Z, is the valence and ng the mean density of ions 
of the given sort in the bulk of the solution, § (t) is the three-dimensional §-function, The summation in (1) 
is made for all charges of the layer in the plane x =, 


In the case of a metal-solution interphase, the solution of Eqs, (1) and (2) must obey the limiting 
conditions: 


(0, y, 2) = po; @ (oo, y, 2 =0; 


Ddpldx =Dodgldx (x (3) 


which indicate the continuity of the potential and the normal component of the electric induction vector at the 
boundary of the inner and diffuse regions of the double layer (¥)= const denotes the over-all potential drop 
between the metal and the depth of the solution), 


For calculating the mean values of the characteristics (in particular, the potential drop, etc.), in the work 
we derived the relation 


® (x,y, 2) = 00, Y= — 


where o is the mean charge density of the surface adsorbed layer and Jy ()) is the Bessel function of the first 
kind and zero order. 


Due to the briefness of the present communication, we present here the main results obtained in the work, 
Starting from the solutions for the appropriate limiting cases, found by means of Green's functions, we we 
the potential drop in the inner and outer (diffuse) regions of the double layer and the micropotential yA (potential 
at the point where the fixed ion is adsorbed) as functions of the degree of filling of the surface adsorbed layer, 

the dielectric permeabilities of the phases, the values of the component of electronic charge q on the metal, 

and other characteristics. It was shown that with an arbitrary charge distribution in the adsorbed layer, the 
potential drop 6 Wa created by a layer of specifically adsorbed anions at the electrocapillary maximum (e.c.m.) 
equals 


= tpo = — Ay, (5) 


where o is the mean charge density in the adsorbed layer, D is the dielectric constant of the inner region, 8 
and 8 + y are the distances of maximum approach to the metal of the anion and cation, respectively. 


This and subsequent results refer to the case of predominant specific adsorption at the interphase of ions 
of one sign, namely, anions, 


If the phases at whose interphase the double layer arises are not electrically neutral as a whole (charged 
interphase), then together with the potential drop produced by the ionic component of the charge § pa, there 
also arises the potential component 6 ¥q , caused by the presence of the electronic charge q on the metal (per 
unit surface), The over-all potential drop § y in the inner region of the double layer is then given by the 
equation 
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The micropotential of the layer vA for a system of point charges, localized at the points of a planar 
hexagonal lattice with the parameter t» for any degree of filling @, is given by the expression 


= + +i, + (1) 


where yj, is a function independent of rq (it is, figuratively speaking, a system of *reflections® of the point 
charge from two equipotential planar surfaces): 
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and the coefficient a with 6 wg in the last term equals 
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Here Kg (A) is the MacDonald function (cylindrical function from the imaginary argument of zero order), — e 
is the charge of the anion, and § = xro/ (B + y). The micropotential of the layer at the electrocapillary 
maximum is determined by the preceding formula with q = 0. 


An investigation of the series (9) shows that with real degrees of filling of the surface adsorbed layer, 
which do not exceed 25-30% according to electrocapillary measurements [4], the last term in the first part 
of (7) is practically negligible (a <«< 1) and consequently, in this region of values of @ 


= Viz + (Othe + (10) 


The potential y(@ ) in the inner region of the double layer thereupon changes mainly according to a 
linear law, 


The results obtained confirm in this region of degrees of filling the qualitative ideas on the structure of 
a discrete double layer put forward in the work of D, Grahame [2], 


A substantial deviation from (10) occurs at considerably higher degrees of filling, corresponding to values 
of the parameter (8 + y)/2r) equal to approximately 0,3-0.4, which correspond to values of 6 close to unity. 
Strictly speaking, these results are accurate with the assumption that the inner Helmholtz plane (limit of the 


approach of the cation to the metal) is an equipotential of the field and the adsorbed ions are rigidly held in 
fixed positions, * 


It was shown that with allowance for the thermal inotion of the ions in solution and rejection of the 
limitation associated with the assumption that the inner Helmholtz plane is equipotential, the results obtained 
above remain practically effective at sufficiently high bulk solution concentrations and with a considerable 
difference in the dielectric constants of the inner and outer regions of the double layer. Thus, for example, 


the potential drop § ~, in the inner region of the double layer at the electrocapillary maximum is found to 
equal 


* As an approximate calculation shows, allowance for the thermal motion of the ions in the adsorbed layer does 
not have an appreciable effect on the results presented. 
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instead of (6), where « is the reciprocal Debye length, depending on temperature and solution concentration, 
The corrections to the micropotential of the layer and other characteristics are analogous, 


Starting from the calculated values of the micropotential of the layer vA, it is possible to determine 
the relation of the potential drop 6 wg to the concentration (activity a,) of anions in solution or, what is 
equivalent, to calculate the value 0 (81p,)/0 Ina. as a function of 6a: 


Relation (12) was derived on the assumption that the relation o = (a,, tp“) is determined with 
respect to yA mainly by the Boltzmann factor 


AF 
= ka, exp 


and the potential drop in the diffuse region of the double layer may be neglected, 


If we also consider the potential drop in ~ diffuse region of the double layer, then according to [2], 
0 (&ip,)/0 In ay. is determined in terms of yA by the relation 


(5) RT 9 — Ain (y/D)\ RT (14) 
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where g* is the statistical mean of the values of g(t) in the diffuse region of the double layer. 


An approximate determination of the values 8 and y from data on ionic radii and calculation of 
0(Sp_)/OIna,. from formula (12) shows that there is quite close agreement between the theoretical results 
and experimental data on the mercury — solution interphase [13], An examination of the effects of the dis- 
creteness of the charge on a dielectric — solution interphase will be given in a separate communication, 


The authors would like to thank Academician A, N, Frumkin for very valuable discussion of the results 
of the present work. 
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DETERMINATION OF THE ELECTROCAPILLARY MAXIMUM 
POTENTIAL OF SILVER 
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Translated from Doklady Akademii Nauk SSSR, Vol, 135, No, 6, pp. 1429-1431, 
December, 1960 

Original article submitted July 8, 1960 


There are a series of values for the electrocapillary maximum potential of silver in the literature and 
these differ substantially, A value of Ye m_.* for silver equal to + 0.05 v was obtained from adsorption measure- 
ments [1], Values of + 0.05 v [2] and — 0.15 v [3] were obtained from capacity measurements. From observa- 
tions on the smoothing of silver it follows that — 0.3 v [4]. An electrocapillary maximum potential 
of — 0.6 v was obtained for silver by plotting electrocapillary curves in melts (by calculation using the value 
of ~e.m, for lead) [5]. Despite the calculation, the latter method seems to be one of the most reliable methods 
of determining vp ,,,, a8 the measurements are made on liquid metal, whose surface is naturally more homo- 
geneous than the surface of a solid metal, Data obtained by this method for almost all the metals investigated 
agree well with data obtained by other methods in aqueous solutions at room temperature, Silver is the exception, 
To elucidate these contradictions, we considered it profitable to measure %e mp, of silver in aqueous solutions 
by plotting curves of the capacity of the double layer against potential in solutions of various compositions, 
This method has been used successfully to determine the electrocapillary maximum potential of Pb (6, 7], Cd 
[6], T1 (6), and PbO, [8]. The measurement procedure with an alternating current was the same as that described 
previously (7, 8], The measurements were carried out on a silver wire sealed in molybdenum glass. Before 
measurements, the electrode was cleaned with a fine, wet glass powder and defatted by boiling in alkali for 
1 minute, after which it was carefully washed with doubly distilled water and subjected to cathode polarization 
at a potential of — 0.5 v. The data obtained are illustrated in Fig. 1, As this figure shows, curves 1 and 2, 
which were plotted in dilute solutions of NagSQ,, show a well-expressed minimum at g = — 0.7 and the minimum 
deepened with dilution. For comparison, we present curve 3, which was plotted in 1 N solution. In accordance 
with the theory of the double layer, the capacity minimum observed in dilute solutions was not present in the 


latter curve over the potential range from — 0,6 to — 0.8 v. On the basis of the data presented, we concluded 
that for silver Ye.m, 7 ~ 0.7 £ 0.05 v. 


To confirm the accuracy of this conclusion we considered it necessary to make a comparison of data 
obtained in dilute K,SO, solutions with data obtained in dilute KCl and KBr solutions, i,e., in solutions con- 
taining anions of different surface activities, It might have been expected that ye ;,, Would be displaced in 
a negative direction with successive replacement of SOZ” by Cl~ and Br~, Figure 2 gives curves plotted in 
0.01 N solutions of KSQ, (curve 1), KCl (curve 2), and KBr (curve 3), As Fig. 2 shows, the anticipated 
phenomenon was actually observed. It should be noted that the accuracy of our determination of gem, may 
be questioned if it is assumed that the SO{” ion has a high surface activity with respect to silver and that in 
actual fact %e m, Of silver has a more positive value than follows from Fig. 1. However, the absence of the 


* All potentials are relative to a normal hydrogen electrode. 
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Fig. 1) contradicts this hypothesis, 
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-05 v (n,h.c.) 


Fig. 1. Potential de- 
pendence of the capacity 
of a silver electrode: 1) 
in 0,002 N NagSQ,; 2) 
in 0.01 N NagSO,; 3) in 
1 N Na,SQ,. 


by an independent method, 


the desorption peaks. 


of mercury, which equals — 0.2 v. 


with hexanol, at a frequency of 2 kh. * 


displacement of the potential minimum in a positive direction when the solution is diluted (curves 1 and 2, 


In addition to the measurements given, for additional confirmation of the accuracy of our determination 
of Ye m,» We measured the differential capacity of the double layer on silver in the presence of hexanol. As 
is known, hexanol is adsorbed close to the electrocapillary maximum and is desorbed at sufficiently high negative 
and positive surface charges so that desorption peaks are observed on either side of ye mm, [9]. Although this 
method cannot be used to determine ge jp, accurately as the 
orientation of the adsorbed dipolar molecule may differ somewhat 
on different metals, due to the great discrepancy between previous 
results and between the latter and the value we obtained, we con- 
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Fig. 2, Potential de- 
pendence of the capacity 
of a silver electrode: 1) 
in 0.01 N K,SQ,; 2) in 
0.01 N KCl; 3) in 0.01 
N KBr. 


sidered it valuable to make these additional measurements which can show the region in which ge,m, lies 


Figure 3 gives curves obtained on silver (curve 1) and mercury (curve 2) in 1 N Na,SQ, solutions, saturated 
The desorption peaks on silver were somewhat less clearly expressed 
than on mercury (this is probably associated with heterogeneity of the solid metal), but they were sufficiently 
clear (see Fig. 3). The value of ¢@ y,, of silver we found ( — 0,7 v) lay within the potential range between 
It should be noted that the desorption peaks on silver were approximately 0,3 v more 
negative than on mercury, from which it may be concluded that gem, of silver is more negative than ye m, 


On the basis of what has been presented, we consider that the electrocapillary maximum potential of silver 
equals — 0.7 + 0,05 v. The value of ye, we obtained agrees with the results of measuring ye m, by means 
of electrocapillary curves in melts [5],with the same accuracy as for other metals, 


* The measurements on mercury were cagried out in the Electrochemistry Department of Moscow State University 
by Satiya Narayana, whom we would like to thank, 


Fig. 3, Potential dependence 
of the capacity of a silver (1) 
and mercury (2) electrode in 
1 N Na,SQ, solution, saturated 
with hexanol. 
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In studying the potential dependence of the capacity of the double layer on silver, we observed that strong 
cathode polarization in NagSQ, and K,SQ, solutions has an effect on the properties of the silver surface, Thus, 
in particular, polarization of silver in the potential region from — 1.3 to — 1.4 v led to ‘irreversible changes in 
the properties of the silver surface, Therefore, the silver was not cathodically polarized at such negative values 
in the measurements, 


In conclusion, we should like to thank Academician A, N, Frumkin and Professor B. N. Kabanov for 
valuable advice which helped with this work. 
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The solution of metals in highly acid solutions in the absence of oxygen proceeds as a result of the in- 
dependent occurrence of two connected electrochemical reactions, namely, anode ionization of the metal and 
cathode liberation of hydrogen [1], The increase in the metal solution rate with a decrease in pH, which is 
usually observed under these conditions, is normally explained by an increase in the rate of the cathode process, 
which leads to a displacement of the stationary potential of the metal in a positive direction and, as a secondary 
effect, produces an increase in the rate of the anode process, As regards the kinetics of the anode process itself, 
at first glance it seems that the rate of ionization of the metal at a given potential should not depend on the 
acidity of the solution in sufficiently acid solutions in which the metal is not passivated. Nonetheless, the results 
of polarization measurements on an iron electrode in solutions of HClO, + NaClO, obtained in the work of 
Bonhoeffer and Heusler [2) indicate that the rate of anode solution of iron at a given potential decreases strongly 


with an increase in acidity over the pH range from 0 to 4,* An analogous effect was observed in the anode 
solution of nickel [4]. 


Since the question of the effect of pH on the rate of anode ionization of metals is of considerable import- 
ance in understanding the mechanism of this process, we studied the effect of solution acidity on the kinetics 
of anode and cathode processes at an electrode of indium amalgam ** which has a low exchange current [5].*** 
By combining polarization measurements with radiochemical measurements on a stationary amalgam electrode 
[5, 7], we studied the relation of the anode and cathode processes and exchange current to the solution acidity 
(from 9.5+10-4 M to 3.3M HCI1Q,) on 0.1 M indium amalgam in 0.01 M In (C104), solution with added 
NaClO, to maintain a constant ionic strength (3 M) with vigorous stirring of the amalgam and solution, 


Figure 1 shows the potential dependence of the rate of the true anode process ig (found radiochemically 
by means of the radioactive isotope In) together with the normal polarization curves plotted on the current, 


* The authors explain this effect by the catalytic action of hydroxy] ions on the anode solution of iron; they 
based this on the results of Kabanov and Leikis [1, 3], who showed that hydroxy] ions participate in the limiting 
stage of anode solution of iron in alkaline solutions, 

** The use of an amalgam electrode in a solution of a salt of the same metal makes it possible to study the 

effect of pH not only on the anode solution of metal, but also on the kinetics of the corresponding reverse process, 
namely, discharge of metal ions, In addition, this eliminates the effect of the liberation of hydrogen, which, 

in the case of iron and nickel electrodes, may be adsorbed on the metal surface and affect the kinetics of the 
anode process, 

*** In addition, from polarographic data [6], it is clear that the wave of indium ion discharge becomes more 
reversible with an increase in pH and it might have been expected that in the region of the equilibrium potential, 
the kinetics of the ionization— discharge process would depend on pH. 
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There was a linear relation between the potential and log ig and the slope of the anode curve ( ¢, log fa) 
was practically independent of the acid concentration and was given by ba = 0.027 v, which corresponds to a 
transport coefficient 6 = 2,2(5]. With an increase in acid concentration from 9.5°10°4 Mto 0.5 M, the 
exchange current ig fell by a factor of 500 (from 1-108 to 2*10°* amp/cm?), 


Figure 2 gives anode and cathode polarization curves 
for solutions with different acidities. For a quantitative 
: determination of the effect of HC10, concentration on the 
rate of the anode process, Fig. 2a shows a broken line at 


/ the potential gy = — 0,250 v; the points of intersection of 
Sg the anode curves with this line are the values of ig at con- 
=< stant potential, Figure 3 shows the relation of the values of 
2 / 


i, found in this way to the HC1Q, concentration,* Over 
the range of HC1Q, concentrations (C) of 5+ 107° to 0,2 M 
the relation (log ig, log C) was linear with a slope p = 

= -— 1,12; at C > 0,2M, the rate of the anode process was 
practically independent of acidity. Figure 3 shows values of 
the exchange current ig (found radiochemically) for C < 

< 0.1 M, i.e., for the range of HClO, concentrations in 
which the equilibrium potential of the amalgam is independent 
of acidity; the slope of the line (log ig, log C) was p = 

= — 0.99, Since at equilibrium, iy =ig =i,, where i, is the 
rate of the true cathode process, this means that the rates of 
the anode and cathode processes at the equilibrium potential 
are inversely proportional to the HC1Q, concentration, ** 


-020 


Fig. 1. Relation of the true anode curves 
(1", 2°, 3") and polarization curves (1, 2, 
3) to acid concentration (1 and 1°) 
9.5°10°4M; 2 and 2") 0.016 M; 3 and 
3") 0.5 M HC10,). 


-g20 


igh 
Fig. 2, Relation of anode (a) and cathode (b) polarization curves to acid con- 


centrations: 1) M for (a) and 9,5-107* M for (b); 2) M; 
3) 0.016 M; 4) 0.05 M; 5) 0.1.M; 6) 0.5 M; 7) 1.3M; 8) 3.3MHCIQ,, 


This conclusion agrees satisfactorily with the result of determining the relation of ig to C at g= — 0,250 v. 
If we consider the observed linear relation between y and Jog i, and also the proportionality between ig and 


the amalgam concentration at gy = const [5], then forC <0.1 M it is possible to represent our experimental 
data by the equation: 


i, = k (1) 


where 8 = 2,2, 


* Since there was a considerable scatter of the experimental data, Fig, 3 shows not only points from Fig, 2, but 
also values of ig at y = — 0,250 v for other experiments, 


** AtC < 2-10°°M, the results of measurements of ig and ic were distorted due to strong hydrolysis and the 
formation of In (OH)s. 
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The relation of the cathode process to acidity is more complex, As Fig, 2b shows, strong retardation of 
the cathode process with an increase in acidity was observed over the whole range of HC1O, concentrations, 
The slope of the cathode curves was very high (0.4 v) and gradually decreased with a displacement of the 
potential in a negative direction. It was previously shown [5] that in an acid In(C1Q,), solution at an appreciable 
distance from the equilibrium potential in a negative direction, the normal polarization curves do not corre- 


spond to the discharge of indium ions, but apparently reflect the presence of some chemical reaction in solution, 
which precedes this stage, 


In interpreting the results we obtained, it is necessary to consider the high tendency of indium ions for 
hydrolysis: 


In (H,0)3* -+- HO = In (H,0),OH** H,O*. (2) 


By using literature data for the hydrolysis constant of indium salts,* it is possible to calculate the fraction of 
hydrolyzed indium ions in solution under our conditions, Thus, when C = 2-10"* M HCIQ,, the fraction of 
In (H,0),OH ** ions is approximately 1.5% and when C =1.6-10"? M to 0.3%, while when C = 0.1 M, it falls 
to 0.05%, It may be assumed that the electrode process does not involve the cations In (H,0)*, which pre- 
dominate in solution, but partly hydrolyzed indium ions; 


In + 5H20 + OH- = In(H20);OH** ++ 3e. (3) 
In this case, the rate of the anode process should be expressed by the equation 
i, = k’[In] [OH-] = (4) 


where K, == [HsO*] [OH], which agrees with our experimental data [see Eq. (1)]. The expression for the 
rate of the cathode process should have the form 


ig = "(In (H2O)s OH?*] = [In 


This equation agrees with the results of determining the relation of exchange current at g = const to the HC1Q, 
concentration (Fig. 3) and with data on the relation of the exchange current to amalgam concentration [5]. The 
unusually high slope of the cathode polarization curves is apparently 
-2 caused by the fact that at sufficiently high current densities, the 
e ea cathode process begins to be limited by the rate of the preceding 
a: 2 ob reaction in which hydrolyzed indium ions are formed [Eq, (2)]. 
| “tg % This reaction evidently proceeds slowly both in the bulk of the 
\ solution and on the amalgam surface and therefore, with an in- 
crease in the electrode potential in a negative direction, its rate 
SH increases due to an increase in the concentration of adsorbed 
indium ions,** The question arises as to why the formation and 
discharge of hydrolyzed particles of indium proceed much more 


readily than the corresponding electrode processes for the simple 
id ions In (H,0}§*, which predominate in the solution, Like some 
Fig. 3. Relation of the rate of the other anions [7], the hydroxyl ion is apparently capable of acting 
anode process ig (a) at gy = — 0.250 v as a type of “bridge,” which facilitates the transfer of electrons 
and the exchange current ig (b) to between the electrode surface and the reacting particle,*** 


HC1Q, concentration, 


* For 3MNaClOg K, = = 10-4,* [8]. 

** Our assumptions on the participation of hydrolyzed indium ions in the electrode process and the slowness of 
their formation agree with results of measuring the capacity of a mercury electrode in solutions with different 
pH values, containing trivalent lanthanum ions [9]: it was found that basic lanthanum ions, arising as a result of 
hydrolysis, have a higher adsorption power than simple cations La** and the hydrolysis proceeds at a finite rate 
on the mercury surface, 

*** An analogous catalytic effect of OH™ ions is also observed in the polarographic reduction of some other 
multicharged cations [10, 11] and in homogeneous isotopic exchange between cations [12]. 
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A comparison of the results we obtained with the rules for iron and nickel mentioned previously [2, 4] 
indicates that hydrolyzed metal ions play a substantial part in the electrode process, The main difficulty arising 
in the interpretation of these res.:'ts consists of the fact that it is assumed that hydroxy! ions participate in the 
anode process [see Eq. (3)]. Nevertheless, an approximate calculation [13] shows that the volume concentration 
of hydroxy! ions in acid solutions is too low for the anode process to coour. It has been suggested [2] that due 

to the high adsorption power of OH ~ ions, the equilibrium H,O =H* + OH 5 ads 0M the metal surface is displaced 
toward the right and therefore the surface concentration of OH ~ ions is considerably greater than that in the 
volume, Another explanation seemed more probable to us; if it is assumed that the electrode processes of the 
formation and discharge of multicharged meta] cations proceed in stages with the successive removal and addi- 
tion of electrons, respectively, which is very probable in the case of indium (5), then it is natural to assume that 
metal ions of lower valence thus formed are also capable of being hydrolyzed, For the case of indium, it has 
been shown that the limiting stage of the electrode process is the elimination of the last electron [5]; con- 
sequently, this cage may be preceded by the hydrolysis of the divalent indium ion In(},0)?* +H,O = 

= In (H,0)m-, OH*+H,0*, and then the limiting stage will be expressed by the equation [n(HO),—4OH * -+ 
++ 1H,O = In(H,O)m4:-1OH*®*+-e, where m+1 =6. It is not difficult to show that in this case, the rate of 
the anode process is described by Eq. (4) as before. 
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In sulfur vulcanizates, the energy of the bond between sulfur atoms in cross links may differ substantially 
from the energy of bonds in the molecular chains of the polymers and therefore, as is known [1], the thermal 
disruption of polysulfide bonds may be produced at much lower temperatures than the disruption of molecular 
chains in vulcanizates, One of us [2] established that the thermal disruption of sulfur bonds in vulcanizates 
produces inhibition of oxidation developing in polymer chains, Consequently, it cannot be considered that the 
destruction of chains and the disruption of cross links are independent processes, However, the difference in the 
rates of destruction and disruption is so great that these processes may be distinguished. 


In the literature there are various points of view on the elements in the structure of the vulcanizates that 
propagate the aging processes, Tobolsky [3] stated that chemical relaxation of stress is produced by oxidative 
destruction of the vulcanizate polymer chain regardless of its structure. In contradiction to this, Watson et al. 


[4] considered that the disruption of the lattice of vulcanizates is the result of the rupture of chemical cross 
links, 


In the present investigation it was established that both the polymer chains and the cross links forming 
the three- dimensional lattice of the vulcanizates may be involved in the aging process, depending on the com- 
position of the vulcanizate and the experimental conditions. 


it is known that slight chemical conversions of polymers produce substantial changes in the mechanical 
properties and therefore mechanical methods are sufficiently sensitive in the early stages of aging when chemical 
methods are not yet able to detect the reaction that has begun, 


We investigated the chemical relaxation of stress of vulcanizates that differed both in the nature of the 
cross links and the reactivity of the polymer chain with respect to oxygen,” 


The chemical relaxation of stress was investigated on a specially designed apparatus, namely, a relaxation 
meter with axial compression [5], The degree of deformation of the samples during the whole of the experiment 
was kept constant and equalled 30 % compression, Before the beginning of an experiment, the samples were 
kept in the deformed state for two days at room temperature to eliminate physical relaxation, 


* As subjects for investigation we chose vulcanizates based on natural and sodium- butadiene rubbers, prepared 
from the following recipes: I) rubber — 100.0, stearic acid — 2,0, zinc oxide — 5.0, phenyl- 6 -naphthyl- 
amine — 2,0, tetramethylthiuram disulfide — 3.0; II) rubber—100,.0, stearic acid — 2.0, zinc oxide—5.0, 
pheny|-8-naphthylamine — 2,0, diphenylguanidine — 1,0, and sulfur 6.0 parts by weight. 
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Figure 1 presents data on the kinetics of relaxation of stress of vulcanizates based on natural and sodium- 
butadiene rubbers with a predominant content of monosulfide bonds. With the exception of a smal! initial 
section, the kinetic curves of these vulcanizates are described by the equation for a monomolecular reaction 


(a, = age ans ), which indicates the disruption of one type of bond, The rate constants of the process, calculated 
from the equation given above, were 1.54-1078 hr~ for vulcanizates from natural rubber and 2,1-10~4 hr~* 

for vulcanizates from sodium-butadiene rubber. Thus, the chemical relaxation process in vulcanizates from 
natural rubber proceeds eight times faster than in the corresponding vulcanizate from sodium- butadiene rubber. 
These rubbers are known [2] to differ by a factor of seven in oxidation rate at the same temperature. The rate 
of chemical relaxation of these vulcanizates decreased sharply when the experiments were carried out in vacuum 
(Fig. 2), A fall in oxygen concentration from atmospheric to 10-* mm Hg led to a decrease in the process rate 
by a factor of five, The facts presented indicate that in this case the chemical relaxation is determined by 
oxidative disruption of polymer chains in the vulcanizates, 
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Fig. 1, Effect of nature of polymer on the kinetics 
of chemical relaxation of vulcanizates containing 
predominantly monosulfide (A) and polysulfide (B) 
bonds, Aging temperature 100°, degree of com- 


Fig, 2, Effect of oxygen concentration on the 
kinetics of chemical relaxation of vulcanizates 
based on natural rubber containing predominantly 
monosulfide (A) and polysulfide (B) bonds, Com- 


pression 30%. 1) Vulcanizate based on natural pression temperature (B) 90°, Aging temperature 
rubber; 2) vulcanizate based on sodium-butadiene 100°, degree of compression 30%, 1) Air; 2) 
rubber, vacuum (10-? mm Hg). 


A completely different picture was observed on investigating the chemical relaxation of stress of vul- 
canizates with a predominant content of polysulfide bonds, 


There was an exponential relation in this case only when the stress in the vulcanizate had fallen to 
approximately 50% of the original value, 


In the initial stage of the process (up to 50% fall in stress), the rates of stress relaxation were the same 
for the two types of rubber and in the final stage they were 4.2-10-* hr~ for vulcanizates from natural rubber 
and 3,1 -10-?hr-! for vulcanizates from sodium- butadiene rubber, i.e., the difference in rates did not exceed 
20%. For vulcanizates of this type, carrying out the experiments in the absence of oxygen did not lead to an 


appreciable decrease in the rate of stress relaxation of the vulcanizates in comparison with corresponding ex- 
periments in air. 


It should be noted that the disruption of polysulfide bonds depends little on the oxygen concentration and 
proceeds much more rapidly than the oxidative disruption of molecular chains of the polymer, The rate of 
chemical relaxation in air of a vulcanizate based on natural rubber with polysulfide bonds was 20 times greater 
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than the corresponding rate for vulcanizates with monosulfide bonds, In these vulcanizates, oxidative destruction 
of the polymer chain was unable to develop and lead to an appreciable fall in stress in comparison with thermal 

disruption of polysulfide bonds and therefore the reactivity of the polymers and the oxygen concentration did not 
have an appreciable effect on the rate of chemical relaxation, 


By analyzing the data presented, it is possible to draw the following basic conclusions, In the aging of 
vulcanizates, there are two competing tendencies: oxidative destruction of molecular chains of the polymer 
and thermal disruption of sulfur cross links, 


When the vulcanizates contain strong cross links (monosulfides), the chemical relaxation of stress is deter- 
mined by oxidative destruction of the molecular chains of the polymer and therefore the relaxation rate naturally 
depends on the reactivity of the polymers and the oxygen concentration, 


In cases where the lattice of the vulcanizates is formed by polysulfide bonds, the rate of thermal disruption 
of the latter is an order higher than the rate of oxidative destruction of polymeric chains and determines the rate 
of chemical stress relaxation. 


A comparison of data on the change in equilibrium modulus (whose value is proportional to the density 
of cross links) and stress relaxation during aging of the vulcanizates examined showed that with a fall in stress 
to zero, the equilibrium modulus changed by only 15-20%, This indicates that during aging of vulcanizates 
in a stressed state, there is not only disruption of bonds, but also subsequent rearrangement of them, Naturally, 
the rupture of bonds occurs in stressed positions and the formation of new bonds in unstressed parts of the lattice. 
As a result of this rearrangement, there is a gradual decrease in the number of stressed bonds right up to their 
complete disappearance, when the total number of bonds remains close to the original value, 
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A, F, Belyaev [1] in studying the combustion of mercury fulminate under vacuum discovered an interesting 
new phenomenon — dispersion of condensed phase material during combustion. P, F, Pokhil [2] established as 
a result of systematic fundamental research that dispersion is an important factor in the mechanism of the com- 
bustion of explosives, Dispersion occurs as a result of reaction in the bulk of the condensed phase, Expansion 
of gaseous products formed in the decomposition zone inevitably causes spattering of unreacted material. 
According to Pokhil, in the combustion of pyroxylin powder about 30% of the powder decomposes in the con- 
densed phase while the remaining 70% is dispersed and entrained by the gas stream, However, many questions 
connected with dispersion, specifically those concerning the role of, and the laws describing, dispersion and 
the “fate” of the dispersed particles, etc., have remained unexplained since these studies were carried out. The 
latter question has received some elucidation in [3, 4]. 


In the work presently discussed, a relationship between combustion rate, surface temperature and depth 
of dispersion factor is derived and a deduction regarding the role of dispersion is made on the basis of the 
analysis of this relationship, 


We will consider dispersion, to a first approximation, as a surface process taking place without a heat 
effect. The initial set of equations for steady-state conditions, set up using the normal approximations for com- 
bustion theory, will be as follows: 


aT . 
cpu Qpkoe- E/RT = 0, 


Udt Ug, 
ld =| koexp|— E/RT (x,u)] dx. 


0 
The boundary conditions are: 


x=0, x=0o, T=To. 


Notation: T) temperature (° K); T,) temperature at surface of burning powder (° K); T) temperature of 
powder beyond zone of combustion (° K); x) linear coordinate (cm); u) combustion rate (cm/sec); ugis) linear 
rate of dispersion (cm/sec); ug) linear rate of decomposition (cm/sec); \) thermal conductivity of powder 
(cal/cm-sec-deg); c) specific heat (cal/gm-deg); p) density (gm/cm*); a) thermal diffusivity (cm?/sec); 
Q) heat of decomposition of powder (cal/gm); Kk») constant factor in exponential term (sec™4); E) energy of 
activation (cal/ mole). 
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When dispersion occurs the linear combustion rate is the sum of the linear rate of decomposition and the 
linear rate of dispersion, By introducing the depth of dispersion factor nis = Ugis/u into the analysis and using 
results presented in [4], we obtain 


— E/RT. (1) 
u ate ex | IRTs | 


This formula expresses the relationship between combustion rate, surface temperature and the depth of 
dispersion factor. As may be seen from (1), the effect of dispersion is equivalent, in one respect, to a reduction 
of the heat of reaction in the condensed phase (Qeff=Q(1— ngjs) and, in another respect, to an increase in 


the velocity constant (k, 


pr eo ) or in thermal diffusivity, 

Ndis 

For combustion without flame, where the process takes place solely due to the heat released in the con- 
densed phase, we have 


T, =T, (2) 


ue == {- E/R [T° + « 4. (3) 


Since the depth of dispersion factor appears in the exponential term, the rate of flameless combustion 
is very much dependent on nqj,; U falls sharply with increase in ngj,.* Thus in a flameless regime the 
occurrence of dispersion retards the combustion process, 


What would be the combustion rates obtaining in the absence of dispersion ? Let us consider this question 
using pyroxvlin powder as an example. We will carry out the calculation of combustion rate using formula (3) 
when 7 gj, = 0. Data available for the calculation are: Tg = 20°C; a=1+107° cm?/sec; c) 0,35 cal/gm- deg; 
Q = 270 cal/gm [1]; ky=10'"® sec-! and E = 44,600 cal/mole [5]. Calculation yields a very large value for 
the combustion rate — about 250 cm,sec, This indicates that the heat of decomposition of nitrocellulose, 
when the velocity constant is relatively large, is quite sufficient to ensure very high combustion rates. The 
fact that such rates are not observed experimentally is entirely due to the occurrence of dispersion, The heat 
flow into the condensed phase cannot, in practice, compensate for the loss of potential heat which the undecom- 


posed powder particles take out with them, If decomposition of the powder occurred endothermically, a different 
result should be expected, 


The quantity n gj, appears in the expressions from (1) through (3) as a parameter. In fact, the depth of 
dispersion factor is a complicated function of temperature, pressure and other factors, However, the problem 
of the laws underlying dispersion remains at present unstudied. No data whatsoever are available on ngj, as @ 
function of T; and p,etc, Since dispersion has a marked effect on the process of combustion, the laws deter- 
mining dispersion may determine (especially at low pressures) the relationships to which the combustion process 
conforms, i.e., the dependence of combustion rate on pressure and temperature, The problem of the laws of © 
dispersion will become, it would seem, one of the basic problems in the near future in the theory of the com- 
bustion of explosive powders, 


It is possible to gain some idea of the relationship between ngis and Ts by employing formula (3) 
which enables one to calculate depth of dispersion factors from measured rates of flameless combustion at 
known values of the kinetic constants, With this aim in view, a calculation has been made for pyroxylin powder 


* It should be noted that in the region of fictitiously high values of ngis (about 1) the functionu= f (n4j,) 
has a minimum value, 
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from experimental data obtained by P, F. Pokhil [1]. The results of the calculation which are presented in 
Table 1 show, in the first place, quite a good agreement with experiment (Pokhil experimentally determined 
by an independent method that n gj, s 0.7 and Ts = 280-300°C), andsecondly that the depth of dispersion factor 
rises with increase in temperature, It is easy to understand an ngis— Ts relationship of this kind starting from 
a picture of dispersion as the spattering out of material in the fluid/ viscous reaction layer, 


TABLE 1 
of Pokhil 
u, cm/sec N dis 
90 0,08 0.716 298 
120 0.11 0.746 316 
140 0.14 0.767 319 


The low temperature coefficient of combustion rate in flameless combustion may be explained by the 
nature of the variation of the depth of dispersion factor with temperature, From (2) and (3) 


1 du ak E ett 


u dT, 2RT? 


where 


Since di) qj,/dT, > 1, then E. 


The existence of a positive correlation between n gj, and T, prevents a sharp change in surface tem- 
perature and, consequently, in combustion rate, In practice, if for any reason T, began (for example) to rise, 
this would automatically lead to an increase in ngig which would retard the rise in Ts, Thus, because of the 
positive correlation between n gj, and Ts dispersion plays a controlling part in the mechanism of combustion, 


The correlation between ngis and p, in accordance with the physical significance of Ndis» should be 
negative, The higher the pressure, the greater the depth in the condensed phase to which decomposition must 
proceed in order to form dispersed particles and the smaller the depth of dispersion, It should be borne in mind 
that in combustion conditions Ts always increases with increase in p and this prevents sharp variation of 1 gj.. 
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It is known that the thermal decomposition of monatomic molecules follows a monomolecular law at 
high pressures and a bimolecular law at low pressures, transition from the one to the other being associated 
with a breakdown of the Boltzmann distribution of decomposing molecules over vibrational energy levels in 
the neighborhood of the dissociation threshold (see, for example, [1]). Stochastic models have been used in 
numerous studies of the breakdown of the equilibrium distribution in bimolecular decomposition [2-6]. In 
monomolecular decomposition, the departure from equilibrium distribution near the dissociation limit is slight 
and has little effect on the reaction rate, Here, however, secondary reactions can be affected significantly by 
departures from equilibrium at energies in excess of the dissociation energy Ey. This is particularly true when 
the decomposition of molecule AB can follow two different paths such as: 


AB+ M>A+.B+ M; (1) 
AB + M— A‘ + B’ + M, (2) 


where (2) proceeds with a high dissociation energy and produces active particles which fix the rate of some 
process, e.g., chain branching, by their secondary reactions, In this case, reaction (1) will result in a decrease 
in the population of those vibrational energy levels for which E > Ep», thereby diminishing the rate of reaction 
(2), An instance of this effect has been noted by E. A. Shilov [7] in his study of the thermal decomposition of 
ethyl bromide, There the initial reactions are monomolecular decompositions 


CsHsBr > HBr+C,Hy, £,~53 kcal/mole; (1a) 
C,HsBr —> Br +- C,H;, =~ 65 kcal/ mole; (2a) 


with the second leading to the chain breakdown represented by: 


Br + — CgH,Br + HBr; 
C,H,Br — C,H, + Br. 


The general theory of chain reactions indicates that (2a) should result in an increase in the decomposition 
rate, but such does not prove to be the case. Supplementary introduction of bromine atoms does increase the 
decomposition rate, however, and thus gives support to the mechanism presented above, Here, study will be 


made of the breakdown of the equilibrium distribution in the region E > E» during monomolecular decomposition 
of monatomic molecules, 
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The nonequilibrium distribution function can be developed by solving the kinetic equation describing 
vibrational relaxation and decomposition and determining the rate of breakdown from the lower characteristic 
value, 19, of the stochastic matrix [2-6]. The case of the monatomic molecule is essentially one in which 
vibrational excitation involves many quanta and the kinetic equation can therefore be written in integral form: 


K (e, e') de’ — Z*x (e) — x (2), (3) 


where x(¢) designates the distribution function expressed in the dimensionless energy units «= E/kT, Z* is 
the number of AB, M collisions which are effective in vibrational relaxation; k (¢) is the differential decom- 
position rate; and the kernel function K(e, €*) gives a description of the vibrational relaxation with 


\Kee, e’)de’=Z* [5]. The familiar methods can now be applied [8] to bring (3) into a differential form: 


th ©) x|—kO x (4) 


which will be satisfied by the equilibrium distribution function Xo (e) = exp [— f (e)] whenk=0. The D 
term of this equation represents the mean-square energy transter to the decomposing molecules per unit time 
and, therefore, D=Z $3, where Z is the number of AB, M collisions obtained from gas kinetics. D will 
be considered as constant in what follows, but all that is really required is that it depend less strongly on ¢€ 
than does k, The lower characteristic value, 19, of the operator of the right-hand member of Eq, (4) can be 
obtained by a variational method: 


exp (— 1) [Dy / de)? + de 


= min 
exp (— 


(5) 


y being the variational function whose integral normalizing factor appears in the denominator. 


A Kassel system of s +1 harmonic oscillators with f (e)=« —s In e€ [1) can serve'as a model of the 
decomposing molecule; here, k (e)= v (1 — €9/e)%, with and v w 10" sec", a quantity of 
the order of the frequency of molecular vibration. In the sequence Z will be expressed in units of v so that it 
will be presumed that v =1, Simple variational functions, one identically constant and the other a step function, 
can be applied and (5) readily carried into 


D (—t), (Ga) 
exp (— 


= min 


(6b) 


where (6a) is the expression for the rate of bimolecular decomposition, (6b) is the rate for eee 
breakdown, and the transition interval between these processes is fixed by the condition De $7 si:wil. The 
nonequilibrium distribution function satisfies the condition: 


— pox = + x)’ — kx. (7) 


This equation can be solved without difficulty when €, >» s, which is exactly the case of greatest interest 
to the experimenter since it corresponds to high energy of activation in molecules which are not overly complex, 
This condition is identical to that required for validity of the Kassel equation for decomposition rate. 


The high pressure case for which D ~ 1 will be considered first. Introducing x =y exp(— f/2) into (7) 
gives: 


= 
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— U(e)y = 90, Ue) =| 
(8) 


f" being neglected in comparison with (f*)* in U (€) on the basis of the inequality ¢9/s >> 1. An approxi- 
mation solution of (8) which allows for a small correction of f* has the form: 


exp ( \ VU de) (9) 


when the inequality U’/U™ == y <1 is valid, It can be readily shown that the condition D ~ 1 will satisfy 
this inequality, It can also be easily proven that it is not necessary to take account of j19 in integrating (9). 


Thus, the distribution function is expressed by 
exp [— & < £0} 
(10) 


+ Ede ae|, 


which takes the form 


x (8) = exp (— f) exp | - ae » & > (11) 


when D is sufficiently large. The notation fe )= fy, f'leo)= f> has been used here and will be em- 
ployed in what follows, 


Equations (10) and (11) show that monomolecular decomposition at pressures far removed from the transi- 
tion region will result in a lower population of the vibrational levels at E > E, than would correspond to equili- 
brium, This relative diminution, p, in the equilibrium population is determined by the second of the two 
multiplying factors in (11), When E~ E,= AE <« Eg this factor can be rewritten in ordinary variables as: 


AE _ AE RT 
p = exp | — (12) 


Approximation (9) is no longer valid at low pressures since the condition xy <1 is not fulfilled near the 
threshold energy. Thus, it is necessary to join the exact solution of Eq. (4) for the region of low Ace =€ — €9 


ip (hy) h 
+5(2) | y=-0 (13) 


Eq 


with the asymptotic solution (9), Solution of Eq. (13) can be had through the Laplace transform but the general 
case becomes rather involved, Equation (13) can be replaced by a more simple equation when account is taken 
of the fact that the pressure is low and D<1. Bessel functions can be used to obtain solution of this latter 

equation that satisfies the necessary boundary condition at infinity: 


\ (14) 


— 5 (=) y- 0, y(Ae)= CV , pee, 


“Sop 
4 
‘val 
a 
oF 
Se 
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In the region (/))?/4 << (Ae/eo)5/D Eq. (18) is satisfied to a certain degree of approximation by the 
solution (14), The region over which there is an essential difference between the exact and the approximate 
solutions is determined by the condition: 


Se ~ (D/4)", (15) 


so that integration of (13) over the interval 0 < Ae< 6 € with the initial condition y (0) = exp (— /o/2) 
leads to a multiple of the order of exp fae se (D/4)us |. The solution (14) can then be extrapolated to A € = 


= 0 and joined onto the equilibrium distribution function with allowance for the transition interval § € to ob- 
tain the expression: 


x (e) = exp{— f/2]- V2 {(s + 2) VD eso 


2Ae's+2)/2 
x ex D/4 1/s K 
a 


The relative diminution of the population in the transition interval Deo/s! =~ 1 can be calculated from 
this equation, using an asymptotic decomposition of the Bessel function, the result being: 


Equation (17) agrees to within a constant multiplying factor with (10) in which integration is to be carried 
out on the assumption that (/’)?/4< k/D at low values of €. This is equivalent to the condition that the 
solutions in the two intervals join smoothly, The appearance in (17) of an additional multiplying factor whose 
value is less than unity is quite natural since passage from high pressures at which D ~ 1 to low pressures where 
(Det/s! =~ 1) increases the degree of departure from the equilibrium distribution, It is to be noted, however, 


that there are many cases in which the multiplying factor i. “ exp [— s/e] is not essential for estimations 


since the asymptotic solution (10) can be employed even though the inequality x « 1 is no longer valid, 


Quantitative estimations based on (10) and allowing for jg = Des/s! exp (—eo) show that the dis- 
stibution function begins to diminish markedly in the immediate neighborhood of the threshold € at pressures 
below the transition interval, This fact determines the bimolecular decomposition kinetics, 


Thus, the rate constant for reaction (2) can be evaluated from Eq. (6a) or Eq. (6b) by introducing the 
multiplying factor p to allow for the breakdown in the equilibrium distribution, The rate of reaction (2) proves 
to be exponentially dependent on the number of collisions, a conclusion which cannot be derived from the 
formal kinetics of the two-step process represented by (1) and (2), The parameter of the above calculation 
which cannot be fixed with precision is the mean-square energy transfer, S*. It is clear from what has been 
said that the value of &* must be related to those vibrationally excited AB molecules whose energies lie close 
to the threshold value E», Since AB, M collisions principally involve a transfer of many quanta (this is a 
pane ia a between the dissociation of monatomic and diatomic molecules) it can be supposed 
that w (kT)*. 


It should be noted that a nonequilibrium distribution function of the type considered here could be basic 
for calculations on stabilized fluorescence spectra (9). The vibrational distribution function in a state of 
electronic excitation should be described by a nonhomogeneous equation similar to (8), In this case, the function 
k (€) would represent the probability factor for radiationless transition, The fact that the intensity of fluorescence 
is quite dependent on the stabilizing additive is indication of a strong dependence of k on € near a certain 
threshold, just as in the case of the relation between the energy and cross section in decomposition, The non- 


equilibrium distribution function should, in principle, affect the form of the high frequency end of the stabilized 
fluorescence band, 
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The mechanisms of radiochemical reactions are frequently developed on the basis of experiments involving 
irradiation of a solution of fixed concentration, This concentration is usually chosen fortuitously and other 
workers then irradiate similar solutions in order to obtain comparable data, Sometimes study is made over a 
certain narrow interval of concentrations and the experiments are then broken off without any careful investiga~ 
tion of the relation between concentration and reaction yield, It is readily shown, however, that extensive 
alteration in the concentration of dissolved substances can result in a marked variation in the radiochemical 
yield. The effects which are observed do not then fit into the mechanism which was apparently adequate for 
interpreting the processes occurring at moderate concentration. Reactions of this type include the radiolytic 
oxidation of ferrous ions, and the reduction of nitrate and ferric ions, in aqueous solution, 


It is clear that each free radical which is produced in the radiolysis of the medium (for example, water 
in aqueous solutions) can either react with other radicals of the same type or with molecules of the dissolved 
material (acceptor), the probability of each such reaction being proportional to the concentrations and to the 
reaction cross section, The concentration of radicals along a track falls off rapidly from its initial value and 
can be evaluated exactly only with the aid of calculating machines. It is possible, however, to use the ele- 
mentary concepts of track theory and very rough methods of graphical integration to evaluate that concentra- 
tion of free radicals in the track at which a definite fraction of all of the radicals formed is consumed, On 
the basis of the Gray [1] model the author has concluded that the first fourth of all radicals (6 - particles, 
accelerated and secondary electrons) will react at a mean concentration C, = 1.5-107® M, the second fourth at 
C,=3-10°° M, the third at 5-107" M, and the last fourth at C,=6-107® M. Using to designate the 
yield of some type of radical (the hydrogen atom H, for example) expressed as number of radicals per 100 ev 
of energy absorbed, Cay, Copy, Cy to represent the respective mean concentrations of acceptor, OH radicals 
and H radicals and 20d off +H to indicate the cross sections for reactions involving the 
given radical, it is possible to obtain the following equation for the yield of the reaction between the H atoms 
and the dissolved substance: 


C ays 
G GHE AK HLAK n. 
CaxSak+H + ConSonpu + 


Here G represents the yield of the reaction between acceptor and H atoms, 7 is the fraction of all radicals 
reacting at a given mean concentration, 0.25 in our case, and the summation includes four terms corresponding 
respectively to the concentrations 1,5-1075, 3-107§, 5-107%, and 6-107° M, 
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The radiochemical yield of H atoms, Gy, in dilute solutions (lower than 10°? M in concentration) is 
determined by the value of Gy or, i.e., by the number of ionized water molecules, The initial portions 
(left-hand) of the curves of Fig, 1 have been constructed for Gy equal to Gy.o+ =4eq/100 ev. Curve 1 
corresponds to the case in which the same cross section is assumed for all reactions and this common value is 
a maximum, so that there is 100% probability of chemical interaction for each approach of radicals and 
molecules, This corresponds to the case of the "ideal" acceptor, Curve 2 has been developed on the assump- 
tion that the cross section for reaction between radicals (H atoms) and acceptor molecules is only one-hundredth 
as large as the cross section for the H + AK reaction (poor acceptor). Curves 1 and 2 are of exactly the same 
form but the one is displaced into the region of higher concentrations of the dissolved substance. Curve 3 was 


developed on the assumption that there is not only a principal, but a secondary acceptor (the competing AK") 
as well, and that the concentration of the latter is 10"? M. 


equiv/100 ev 
equiv/100 ev B 


Fig. 1, The relation between the yield Fig. 2, The relation between the yield 

of radiochemical reaction and the con- from nitrate reduction and the con- 
centration of acceptor in solution centration in solutions at pH 14 [3] 
(theoretical calculations): 1) most (the dotted curve was developed 

active acceptor; 2, 3) less active theoretically), 

acceptors; 4) in the presence of a 

supplementary acceptor, The calculations involved in the last of these 


cases call for the introduction of an additional term, 
Cax*® %AK*"4H » into the denominator of the expression given above, The curve is S-shaped in semi - 
logarithmic coordinates and its course is almost independent of the free radical concentration, Curve 4 
corresponds to the assumption which is met rather frequently in the foreign literature [2] to the effect that 
the H and the OH radicals act similarly and that both will oxidize ferrous ions, for instance, 


The rise in the right-hand portions of the yield curves of Fig, 1 conforms to our view that excited water 
molecules participate in this reaction in addition to the ionized molecules, It is to be presumed that an 
: acceptor concentration of approximately 4 M would entail full reaction between the dissolved substance and 
: the dissociation products from 8-9 water molecules, In such case, at least one acceptor molecule would be 
located within the limits of a single elementary cell of the water, At lower concentrations of the dissolved 
substance the fraction of excited water molecules entering into reaction would be proportionally smaller if it 


is assumed that there is no transfer of excitation energy from one water molecule to another over distances of 
several molecular radii, 


Figure 2 presents the earlier published data [3] on the radiochemical reduction of nitrate ions in aqueous 
solution (full curve) and the theoretical curve (dashed), The initial portions of these curves agree satisfactorily, 
The rise in the region of higher concentrations begins earlier for the experimental curve and the yield of 
nitrite reaches a value of 9 eq/100 ev in sodium nitrate solutions, The earlier rise in the region of involve- 
ment of excited molecules is obviously to be explained by the fact that the conditions are favorable for a 


transfer of the excitation energy from the molecules of the medium to the molecules which form the hydrate 
layer, 
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The right-hand portions of the curves showing the data of A, 1, Chernova on the yield from oxidation 
of ferrous ions can be interpreted in these same terms (Fig. 3). 


equiv/100 ev 
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lg 
Fig. 3. The relation between the 
concentration and the yield from 
reduction of ferric ions in solution 
of pH 3: 1) Without addition; 2) 
in the presence of glycerin at 1M 
(dashed curve developed theoreti- 


equiv/100 ev 


Fig. 4. The relation between the 
concentration (0,8 N H,SO,) 
oxidation of ferrous ions in an 
atmosphere of nitrogen: 1) ex- 
perimental relation; 2) oxidation 
by H,O,; 3) oxidation by + 


cally), + OH; 4) oxidation by H,O, + 
+ OH +H," according to the Weiss “4 
The S-form of the left-hand portions of these theory. 


curves indicates the presence of a competing acceptor, 

Here, the competing acceptor is the H+ ion; this reacts with atomic hydrogen to form the molecular ion H,* 

which has a low cross section for interaction with the similarly charged ferric ions, It should be noted in 

passing that the numerous hypotheses advanced by foreign workers to explain the mechanism of reactions in- 

volving H;* ions never take account of electrostatic repulsion between these and other positively charged 

particles (cations), An example is the Weiss explanation [2] of the high yield from oxidation of ferrous ions 

in the absence of oxygen as the result of oxidizing action by these molecular hydrogen ions, Such treatment a 
had been generally accepted and has served as a basis for the development of the curves which are shown in 
Fig. 4. The dotted curve 2 corresponds to the contribution to the oxidation of ferrous ions arising from the 
molecular products obtained from radiolysis of water (hydrogen peroxide) according to the Allen terminology. 
Curve 3 also allows for a contribution to the oxidation from interaction with OH radicals, Curve 4 is con- 
structed for the over-all effect of H,O,, OH radicals, and molecular ions Hz*, The dashed curve 1 is con- 
structed from the experimental data of A, 1, Chernova on the relation between the concentration and the yield 
in the oxidation of ferrous ions in aqueous solutions saturated with an inert gas. It is easily seen that this 
curve and the curve developed on the basis of the Weiss- Allen hypothesis agree over only a very narrow 
interval of concentrations, The course of the former curve and the position of the maximum on it at approxi- 
mately 11 eq/100 ev are certainly not in agreement with the Weiss- Allen Theory, This is understandable 
since these workers did not admit the possibility of the participation of excited molecules, but introduced a 
number of arbitrary assumptions to account for the increased yield in terms of ionized water molecules alone, 
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Many organic substances show a high electrical conductivity of the nonionic type at room temperature 
and have a clearly expressed phctoconductivity (1, 2]. 


Recently, interest in organic semiconductors has increased markedly as the result of the development of 


various polymers which have high electrical conductivity [3-5]. The molecules of such substances usually 
contain conjugate double bonds, 


A study [6] by one of the present authors and his co-workers of a number of polymers which contain con- 
jugate double bonds has disclosed substances showing high electrical conductivity at room temperature. However, 
most of the investigated materials proved to be typical insulators at room temperature, the “energy of activation", 
E, and the frequency factor, oo, in the expression for the electrical conductivity, o, varying over wide limits, 
depending on the substance in question and the conditions under which it was prepared, The factor oy proved 
to be linearly related to E, the relationship being less clearly expressed in substances for which E is low and 
quite marked for substances in which E is high, 


At the same time, it has been shown in a number of papers [7-9] that there is ananomaly in the magnetic 
properties of such compounds which can be described as follows, All polymers containing a sufficiently well- 
developed system of conjugate double bonds show narrow (4-8 oersted) symmetric electron paramagnetic re- 
sonance lines with a free spin g-factor, The signal intensity is independent of the method of preparing the 
polymer, being completely determined by its degree of conjugation, The signal intensity in the investigated 
polymers is such as to correspond formally to 10** - 10” unpaired electrons per gram, or 10~* to 107! unpaired 
electrons per molecule, This effect persists on dissolution and the number of unpaired electrons per gram is 
independent of the degree of dilution, The temperature variation of the intensity of the resonance signal in- 


dicates that these materials follow the Curie Law exactly, so that the signal arises from the ground state of the 
system. 


Certain of these conjugate bond polymers which contain heteroatoms or electron donor and electron 
acceptor groups in the conjugated chain also show very wide (500-1000 oersted) asymmetric magnetic resonance 
lines in the solid state the g-factor of such lines being higher than that for the free electron, The integral in- 
tensities of these “wide® lines correspond to 10% - 10” unpaired electrons per gram, if true paramagnetism is 
assumed, The fact that the static magnetic susceptibility is markedly dependent on the external magnetic field 
strength (clearly expressed saturation effects) indicates, however, that this is not an instance of paramagnetism 
but of an effect due to collective spin interaction. It has been proposed in [10] that such effect be designated 
as the “pseudo- ferromagnetism" of the organic structure, This wide line effect disappears on dissolution and is 
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Fig. 1. The relation between the frequency factor and 
the energy of activation for electrical conductivity.* 
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* The plus signs in Fig. 1 denote samples which gave only narrow EPR lines, while the points designate samples 
giving wide EPR lines. 1) Polyphenylacetylene, a mixture of the yellow form obtained by polymerization at 
the boiling point of phenylacetylene and the black form obtained by heating the yellow to 400°; 2) another 


presumably, as in[6]). 9) another specimen similar to 7. 10) —? 
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markedly increased by any treatment which increases 
the degree of order in the packing of the macromole- 
cules [9]. 


A comparison of the magnetic properties and 
the electrical conductivity of the substances which 
we have studied is of interest, Figure 1 presents data 
on the o, and E values of these materials and certain 
other substances for which information is available in 
the literature, The figure also indicates the type of 
magnetic resonance spectrum in each case, It can 

be seen that the electrical conductivity at fixed E of 
each substance which has a wide electron magnetic 
resonance line is displaced in the direction of higher 
values, or enhanced conductivity at room temperature, 
The linear relation between oy and E is pronounced 
and clearly applies quite well to ali of the materials 
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which do not have wide magnetic resonance lines, These results indicate that the correlation is between the 
conductivity and the pseudo-ferromagnetism of the organic structure rather than between the conductivity and 
the EPR spectrum of the conjugate system in general, 


We cannot give a strict theoretical interpretation of this correlation at the present time. It can only be 
said that the appearance of “wide lines" gives indication that the sample contains ordered regions with a great 
number of unpaired electrons, It can be supposed that there is practically no resistance to charge movement 
in such regions. The transfer of charges between these “ordered regions” is the factor which limits the 
electrical conductivity in such a case. 
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21) | | adn come >|. 22) complex of 21 with copper acetate, 26) complex of tetra- 


salicylferrocene with Fe*", 99) copolymer of polyphenylacetylene with hexyne, 31) polytetracyanethylene, 
32) polytetracyanethylene with cyanethylene, 34) polyphenylacetylene, yellow, pressed at 200° and 

2000 kg/cm?, 35) polyphenylacetylene, black, pressed at 200° and 2000 kg/cm?, 36) copolymer of yellow 
polyphenylacetylene and n- diethynylbenzene. 37) complex of acenaphthene with chloranil (1:1), 39) similar 
to 37 but in ratio 1:2, 74) polyphenylene. 

** Original Russian pagination, See C. B, translation, 

*** See C. B. translation, 
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